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PREFACE  TO  THE  SERIES 


In  the  course  of  nearly  every  program  of  research  in  organic  chemistry 
the  investigator  finds  it  necessary  to  use  several  of  the  better-known 
synthetic  reactions.  To  discover  the  optimum  conditions  for  the  appli¬ 
cation  of  even  the  most  familiar  one  to  a  compound  not  previously 
subjected  to  the  reaction  often  requires  an  extensive  search  of  the  liter¬ 
ature;  even  then  a  series  of  experiments  may  be  necessary.  When  the 
results  of  the  investigation  are  published,  the  synthesis,  which  may 
have  required  months  of  work,  is  usually  described  without  comment. 
The  background  of  knowledge  and  experience  gained  in  the  literature 
search  and  experimentation  is  thus  lost  to  those  who  subsequently  have 
occasion  to  apply  the  general  method.  The  student  of  preparative  organic 
chemistry  faces  similar  difficulties.  The  textbooks  and  laboratory 
manuals  furnish  numerous  examples  of  the  application  of  various 
syntheses,  but  only  rarely  do  they  convey  an  accurate  conception  of  the 
scope  and  usefulness  of  the  processes. 


For  many  years  American  organic  chemists  have  discussed  these  prob¬ 
lems.  The  plan  of  compiling  critical  discussions  of  the  more  important 
reactions  thus  was  evolved.  The  volumes  of  Organic  Reactions  are  col¬ 
lections  of  chapters  each  devoted  to  a  single  reaction,  or  a  definite  phase 
of  a  reaction,  of  wide  applicability.  The  authors  have  had  experience 
with  the  processes  surveyed.  The  subjects  are  presented  from  the  pre¬ 
parative  viewpoint,  and  particular  attention  is  given  to  limitations,  in- 
terfenng  influences,  effects  of  structure,  and  the  selection  of  experimental 
techniques.  Each  chapter  includes  several  detailed  procedures  illustrating 
the  significant  modifications  of  the  method.  Most  of  these  procedures 
have  been  found  satisfactory  by  the  author  or  one  of  the  editors,  biit 
unlike  those  in  Organic  Syntheses  they  have  not  been  subjected  to  careful 
testing  m  two  or  more  laboratories.  When  all  known  examples  of  the 
reaction  are  not  mentioned  in  the  text,  tables  are  given  to  list  compounds 

prepared  by  or  subjected  to  the  reaction.  Every 

compounds  and 

and  T''  reactioL  discussed 

not  al^Tf  “  T  of  ^yof'eses  in  which 

not  all  of  the  mtermed.ates  have  been  isolated,  some  instances  may  well 

been  missed.  Nevertheless,  the  investigator  will  be  able  to  ui  the 


VI 
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tables  and  their  accompanying  bibliographies  in  place  of  most  or  all  of 
the  literature  search  so  often  required. 

Because  of  the  systematic  arrangement  of  the  material  in  the  chapters 
and  the  entries  in  the  tables,  users  of  the  books  will  be  able  to  find  in¬ 
formation  desired  by  reference  to  the  table  of  contents  of  the  appropriate 
chapter.  In  the  interest  of  economy  the  entries  in  the  indices  have  been 
kept  to  a  minimum,  and,  in  particular,  the  compounds  listed  in  the  tables 
are  not  repeated  in  the  indices. 

The  success  of  this  publication,  which  will  appear  periodically,  depends 
upon  the  cooperation  of  organic  chemists  and  their  willingness  to  devote 
time  and  effort  to  the  preparation  of  the  chapters.  They  have  manifested 
their  interest  already  by  the  almost  unanimous  acceptance  of  invitations 
to  contribute  to  the  work.  The  editors  will  welcome  their  continued 
interest  and  their  suggestions  for  improvements  in  Organic  Reactions. 


PREFACE  TO  VOLUME  16 


Volume  16  is  a  departure  in  pattern  from  its  predecessors  for  it  deals 
with  a  single  reaction.  The  original  plan  for  a  chapter  on  a  limited  aspect 
of  the  Aldol  Condensation  was  abandoned  when  it  became  clear  that  a 
single  long  chapter  would  be  more  useful  and  less  repetitious  than  several 
short  chapters.  It  is  not  the  intention  of  the  editors  to  follow  the  pattern 
of  Volume  16  regularly. 
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IKTRODOCTION 


The  aldol  condensation  takes  its  name  from  aldol  (3-hydroxybutanal),  a 
name  introduced  by  Wurtz  who  first  prepared  this  /S-hydroxy  aldehyde 
from  acetaldehyde  in  1872.'  The  aldol  condensation  includes  reactions 
producing  /3-hydroxy  aldehydes  (/3-aldols)  or  ^-hydroxy  ketones  (^-ketols) 


2  CH3CHO  >  CH3CHOHCH2CHO 

1  A.  Wurtz.  Bull,Soc.  Chim.  France.  [2]  17.  436  (1872);  5.  326  (1872);  CompL  iJend.. 

74,  1361  (1872). 


THE  ALDOL  CONDENSATION  ^ 

by  self-condensations  or  mixed  condensations  of  aldehydes  and  ketones, 
as  well  as  reactions  leading  to  a,/3-unsaturated  aldehydes  or  a,^-un- 
saturated  ketones,  formed  by  dehydration  of  intermediate  ^-aldols  or 
/^-ketols.  Formation  of  mesityl  oxide  by  self-condensation  of  acetone, 
a  reaction  discovered  by  Kane  in  1838,  is  the  first  known  example  of 
ketone  self-condensation.^ 


2  CH3COCH3  >  (CH3)2C=CHC0CH3  -f-  HgO 

The  Claisen-Schmidt  condensation  is  an  aldol  condensation  discovered 
by  Schmidt^  in  1880  (condensation  of  furfural  with  acetaldehyde  or 
acetone)  and  developed  by  Claisen  (1881-1899).^"®  It  is  most  often 
taken  to  be  the  condensation  of  an  aromatic  aldehyde  with  an  aliphatic 
aldehyde  or  ketone  to  yield  an  a, /9- unsaturated  aldehyde  or  ketone, 
usually  in  the  presence  of  a  basic  catalyst. 


'0 


CHO  +  CH,CHO 


NaOH 


O' 


CH=CHCH0+H,0 


NaOH 


CgHgCHO  +  CH3COCH3 - C6H5CH=CHC0CH3  -f  H2O 

However,  the  term  has  been  extended  to  include  many  types  of  aldehyde- 
ketone  condensations  (e.g.,  chalcone  formation®)  employing  either  acidic 

CeHjCHO  +  CH3COC6H5-  C6H5CH=CHCOCeH6  +  H2O 

Chalcone 


or  basic  catalysts.  Schmidt  was  first  to  employ  a  basic  catalyst  for  the 
aldol  condensation.® 

The  term  aldol  condensation  has  sometimes  been  applied  to  many 
so-called  “aldol-type”  condensations  involving  reaction  of  an  aldehyde  or 
ketone  with  a  substance  R2CHX  or  RCH(X)Y  (X  or  Y  =  an  activating 
group  such  as  CO2R,  CONHR,  CN,  NO2,  SO2CH3;  R  =  alkyl,  aryl  or 
hydrogen).  Mechanistically,  of  course,  these  reactions  are  like  aldol  con¬ 
densations.  They  produce  a  hydroxyl  compound  or  its  dehydration 
product 'and  include  the  Claisen,’- «  Knoevenagel,®- Doebner,®- 


3  ’  J.  Prakt.  Chem..  15  129  (1838) 

J.  G.  Schmidt,  Ber.,  13,  2342  (1880);  14,  1459  (1881).  ’ 

L.  Claisen  and  A.  Claparede,  Ber.,  14,  349  (1881). 

®  L.  Claisen,  J3er.,  20,  655  (1887). 

®  L.  Claisen,  Ann.,  306,  322  (1899), 

®  C  R  HausI^  1,  266-302  (1942). 

C.  K.  Hauser,  F  W.  Swamer,  and  J.  T.  Adams,  Org.  Reac-tions  8  59-196  (1954) 

»  J^R  Johnson,  Or^.  Reactions,  1,  210-265  (1942).  ’ 

G.  Jones,  Org.  Reactions,  15,  204-599  (1967). 
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P6rkin,  Stobb©,  ®  a/iid.  Rcforniaitsky^^  reactions. Howevei,  since  tbe 
products  are  not  aldols  or  ketols  or  dehydration  products  thereof,  it  is 
believed  that  the  term  aldol  condensation  should  not  be  applied  to  reactions 
forming  them.  The  present  review  includes  examples  where  X  and  Y  = 
CHO  or  COR  only,  i.e.,  solely  condensation  reactions  of  aldehydes  and 
ketones.  Included  are  1,3-diketones,  /5-keto  aldehydes,  and  a-  and 
y-co-keto  compounds  (e.g.,  RCH.^C0C02H  and  RCH2CO(CH2)„X ;  n  >  1, 
X  =  any  group) ;  some  of  these  reactions  might  be  described  as  both 
Knoevenagel  and  aldol  condensations. 

Excluded  arbitrarily  from  this  review,  with  few  exceptions,  are  certain 
Knoevenagel-aldol  condensations  involving  ^-keto  compounds,  RCOCH2X, 
where  the  a-methylene  group  of  a  ketone  is  activated  additionally  by 
some  activating  group  other  than  the  carbonyl  group  (e.g.,  /3-keto 
esters).  With  few  exceptions,  reaction  sequences  starting  with  aldehydes 
or  ketones  which  involve  transient  aldol  intermediates  that  are  not 
isolated  are  excluded;  an  example  would  be  the  formation  of  certain 
heterocyclic  compounds  as  in  the  Robinson-Schopf  reaction. Most 
reactions  of  aldehydes  or  ketones  leading  indirectly  through  other  reactions 
to  an  aldol  condensation  product  are  also  arbitrarily  excluded.  One 
exception  is  the  Michael  reaction^'^  which  may  generate  1,5-diketones 
or  keto  aldehydes  which,  in  situ,  undergo  an  aldol  condensation  to  a 
cyclic  product.  Except  for  a  few  important  and  closely  related  methods, 
syntheses  of  /S-aldols  and  j8-ketols  and  their  dehydration  products  by 
alternative  methods  of  preparation  are  not  discussed.  One  such  method 
is  the  Wittig  reaetion^^  which  may  be  applied  to  syntheses  of  a,^-un- 
saturated  aldehydes  and  ketones. 

In  France,  the  term  ^-hydroxycarhonylation^^  has  been  applied  to  con¬ 
densations  leading  to  /9-aldols  and  ^-ketols.  However,  this  terminology 
has  not  been  used  extensively  elsewhere. 

MECHANISM 

Simple  Base  Catalysis.  The  aldol  condensation  is  catalyzed  by 
acids  and  bases,  the  latter  being  more  frequently  employed.  The 

^0  W.  S.  Johnson  and  G.  H.  Daub,  Org.  Reactions,  6,  1-73  (1951). 

R.  L.  Shriner,  Org.  Reactions,  1,  1-37  (1942). 

12  For  recei  .  summaries  of  aldol  condensation  and  related  reactions,  cf.  H.  O.  House, 
Modern  Synthetic  Reactions,  pp.  216-256,  Benjamin,  New  York,  1965;  R.  L.  Reeves,  in 
The  Chemistry  of  the  Carbonyl  Group,  ed.  by  S.  Patai,  pp.  580-600,  Interscience.  New  York. 

1*  L.  A.  Paquette  and  J.  W.  Heimaster,  J.  Am-  Chem.  Soc.,  88,  763  (1966). 

11  E.  D.  Bergmann.  D.  Ginsburg,  and  R.  Pappo,  Org.  Reactions,  10,  179-555  (1959). 

1*  A.  Macrcker,  Org.  Reactions,  14,  332-334  (1965).  ^  ii 

i«  H.  Gault.  Bull.  Soc.  Chim.  France,  302  (1955);  "L'Hydroxycarbonylatton,  Colloquy 
Internationaux  du  Centre  National  de  la  Recherche  Scientifique,  Paris,  May  31-June  5, 

A  group  of  26  papers  published  in  Bull.  Soc.  Chim.  France,  250-30-  (1955). 
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base-catalyzed  mechanism,  which 

pictured  by  the  following  steps  (R  and  R  -  alkyl  or  y 
R'"  =  alkyl,  aryl,  or  hydrogen). 


RCHgCOR'  +  B  RCH=CR'  +  BH® 


R^COR'"  +  RCH=CR'  ^  —  R 

ie 

3  2 

OH 


A® 

2 

o® 

•-i 


A' 


5 

HO  R 


5  +  B  R'—i—i^C— R'  +  BH® 

A"'  A© 


HO  R 

R'_i_i=C— R'  +  BH® 


R 


(Eq.  1) 


CH(R)COR'  (Eq.  2) 


4  +  bH®  R"— t— CH{R)C0R'  +  B  (Eq.  3) 

fc_3  1 

R'" 


(Eq.  4) 


R'"  A© 

6 


R'— C=C— C— R'  +  HgO  +  B 


R' 


A 


The  question  of  the  rate-limiting  step  for  aldol  and  ketol  formation 
has  been  examined. For  formation  of  an  aldol  in  concentrated 
solutions  (from  acetaldehyde, propanal,^^  and  butanal^)  the  proton 
removal  step  (Eq.  1)  is  rate-limiting  (k^  <  However,  at  low  aldehyde 
concentrations  the  rate  of  ionization  is  not  much  greater  than  the  rate  of 
condensation,  and  the  reaction  becomes  second  order  in  aldehyde. 


C.  K.  Ingold,  Structure  arid  Mechanism  in  Organic  Chemistry,  pp.  676-699,  Cornell 
University  Press,  Ithaca,  New  York,  1953. 

A.  A.  Frost  and  R.  G.  Pearson,  Kinetics  and  Mechanism,  2nd  ed.,  pp.  336-350,  Wiley, 
New  York,  1961. 

R.  P.  Bell,  The  Proton  in  Chemistry,  pp.  137-138,  Cornell  University  Press,  Ithaca, 
New  York,  1959. 

J.  Hine,  J.  G.  Houston,  J.  H.  Jensen,  and  J.  Mulders,  J.  Am.  Chem.Soc.,  87,  6060  (1966). 
A.  Broche  and  R.  Gibert,  Bull.  Soc.  Chim.  France,  131  (1956). 

J.  Jiminez  and  A.  Broche,  Bull.  Soc.  Chim.  France,  1499  (1961). 

**  S.  E.  Rudakova  and  V.  V.  Zharkov,  Zh.  Obshch.  Khim.,  33,  3617  (1963)  \C.A.  60 
7883  (1964)].  ’ 

H.  Matsuyama,  Proc.  Japan  Acad.,  27,  652  (1951)  [C.A.,  46,  3838  (1982)]. 

J.  Hine,  J.  G.  Houston,  and  J.  H.  Jensen,  J.  Org.  Chem.,  30,  1184,  1328  (1965). 

*«  R.  P.  Bell  and  M.  J.  Smith,  J.  Chem.  Soc.,  1691  (1968). 

R.  P.  Bell  and  P.  T.  McTigue,  J.  Chem.  Soc.,  2983  (1960). 
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For  condensations  of  certain  aldehydes  with  ketones  the  reaction  is 
first  order  in  aldehyde  at  low  concentrations,  but  zero  order  in  aldehyde 
at  high  concentrations :  examples  are  the  reaction  of  p-nitrobenzaldehyde 
with  2-butanone,  cyclohexanone,  and  desoxybenzoin.^s-  29  However,  for 
many  condensations  involving  ketones,  at  a  wide  range  of  concentra¬ 
tions,  the  slow  step  is  the  condensation  step  in  which  the  new  carbon- 
carbon  bond  is  formed  (Eq.  2) ;  >  Ic^.  Kinetic  evidence  supporting 

this  view  has  been  presented  for  the  formation  of  diacetone  alcohol 
from  acetone,^®’  and  for  the  condensations  of  aromatic  aldehydes 
with  acetophenone,3i  of  formaldehyde32'  33  ^nd  acetaldehyde33  with 
1,3-diketones,  and  of  formaldehyde®^  with  acetone.  When  the  first  step 
(Eq.  1)  is  rate-limiting,  general  base  catalysis  may  be  important.®® 
When  the  second  step  (Eq.  2)  is  relatively  slow,  specific  solvent  anion 
(hydroxide,  ethoxide)  catalysis  is  observed. 

The  a,/S-unsaturated  aldehydes  and  ketones  (7)  often  found  as  reaction 
products  can  arise  from  the  aldol  or  ketol  5  by  a  carbanion  elimination 
(Elcb)  mechanism  which  requires  an  initial  proton  removal,  followed  by 
elimination  of  hydroxide  ion  (Eqs.  4  and  5).  The  equilibrium  of  Eq.  4 
may  lie  far  to  the  left  (A:_4  \  1)  and  deuterium  exchange 

into  5  would  be  expected  to  occur  readily  during  formation  of  7  in  cases 
where  ^  A^g.®®-  ®’  In  certain  examples,  rates  k^  and  k^  appear  to  be 
of  the  same  order  of  magnitude.  Factors  met  in  certain  aldol  condensa¬ 
tions  (R  =  alkyl,  R"  =  aryl;  protic  solvents)  and  favoring  facile  loss  of 
hydroxide  ion®^  from  6  could  also  disfavor  proton  removal®®*®®  from  5. 
A  comparison  of  the  overall  rate  of  base-catalyzed  dehydration  (5  — >  7; 
rate  =  for  1 -hydroxy- l-phenyl-3-pentanone  (5a)^®  with  rates  of 

proton  removal  of  certain  aliphatic  ketones  under  similar  reaction 

S.  F.  Nelsen  and  M.  Stiles,  unpublished  results.  We  are  indebted  to  Professor  Stiles 
for  making  some  of  his  results  available  to  us  prior  to  publication. 
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the  aldol  condensation  ' 

conditions^*  suggests  that  k,  and  t,  could  be  comparable.  The  observation 
that  3-methyl.4.hydroxy-4-phenyl.2-butanone  (5b)  undergoes  retrogres- 
Sion  to  reactants  rather  than  dehydration  in  basic  medium"’  suggests 

CHg 

C6H5CHOHCH2COCH2CH3  CgH  jCHOHiHCOCHg 

5a 

that  is  relatively  slow  {k^  <  k_^k_Jk^)  in  this  case;  k^  is  not,  however, 
necessarily  slow  relative  to  The  rate  of  retrogression  of  5b  to 

reactants  is  about  four  times  faster  than  that  of  under  conditions 

where  the  rate  of  proton  removal  {k^)  from  5b  would  be  expected  to  be 
102  to  102  times  slower  than  from  5a.29’  36.  39  Although  a,/S-unsaturated 
ketones  may  be  hydrated  in  basic  media,  their  formation  is  effectively 
irreversible  in  most  instances  {k^  ^  s)-  This  circumstance  may 

offset  previous  unfavorable  equilibria  and  allow  the  condensation  to 
proceed  to  completion  (formation  of  7).  A  detailed  understanding  of 
the  mechanism  of  the  base-catalyzed  dehydration  of  aldols  and  ketols 
awaits  further  study. 

In  protic  solvents  (water,  ethanol)  the  aldol  condensation  is  reversible 
and  the  various  equilibria  are  often  quite  sensitive  to  the  nature  of 
substituents. ^°~^2  Since  in  practice  the  preparations  are  generally  so 
conducted  that  thermodynamic  control  determines  the  products,  the 
effects  of  substituents  on  the  several  equilibria  are  of  great  importance. 
In  aprotic  solvents  (ethers,  hydrocarbons)  equilibration  occurs  exceedingly 
slowly,  particularly  with  lithium  and  magnesium  enolates.^3-45  Thus 
kinetically  controlled  aldol  condensations  should  be  more  favorable 
under  these  conditions. 

Amine  Catalysis.  Primary  and  secondary  amines  (especially  in  the 
pre.sence  of  added  acid)  exert  a  pronounced  catalytic  effect  on  condensa- 
tion  of  aldehydes  and  ketones  with  active  methylene  compounds  (Knoe- 
venagel  condensation ).^»'  ^6  Pyrrolidine  and  piperidine  are  very 
effective.  Tertiary  amines  are  without  effect  or  are  very  poor  aldol 
catalysts  except  when  general  base  catalysis  is  observed.33.  47.  48  Because 
of  their  weak  base  strength  most  amines  provide  only  low  concentrations 
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of  solvent  anion  base  (hydroxide,  ethoxide),  and  the  marked  catalytic 
effect  of  primary  and  secondary  amines  must  be  explained  on  another 
basis. 

At  least  two  mechanisms  appear  to  be  operative  for  most  amine-catalyzed 
aldol  condensations.  Many  of  these  reactions,  especially  those  involving 
secondary  amines  and  reactive  aldehydes  or  ketones  capable  of  forming 
enamines,  require  an  enamine  intermediate  in  the  condensation  step 
leading  to  an  aldol,  as  well  as  in  the  step  leading  to  an  a,/S-unsaturated 
carbonyl  compound.^^~^®  Evidence  supporting  an  enamine  mechanism 
has  been  presented  for  the  self-condensation  of  propanal  to  2-methyl-2- 
pentenal^®’  ^4-56  ^nd  for  certain  Robinson  annelation  reactions.^®  En¬ 
amines  have  been  condensed  with  aldehydes  and  ketones  to  give  aldol 
condensation  products.^^^"®®^  An  acid  catalyst  (preferably  acetic  acid), 
usually  employed  in  an  amount  equivalent  to  the  amine,  is  required  to 
effect  the  condensation.  It  is  reported  that  enamines  fail  to  undergo 
aldol  condensation  with  aldehydes  in  the  absence  of  an  added  acid 
catalyst.®® 

O©  OH 


R'CCR'"  4-  RCH=CR' 
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A  second  amine-catalyzed  mechanism,  involving  attack  of  an  imine  or 
immoninm  ion  on  the  methylene  group  (enol)  of  an  aldehyde  or  ketone 
is  important  in  certain  aldol  condensations  (Knoevenagel-aldol) ;  see 
p  43  12, 13. 56c-e  This  process  is  favored  by  use  of  primary  amines  with 
Lehydes  or  ketones  which  readily  form  imines  and  in  condensations 
with  carbonyl  compounds  of  high  enol  content  such  as  1,3-diketones. 
Aldimines^®  and  ketimines®^  condense  readily  with  certain  active  methylene 
compounds,  including  ketones^  (“alkylidenation  reaction  a,/?- 

unsaturated  ketones  may  be  prepared  by  this  reaction  which  is  catalyzed 

by  acids.®® 


ArCH=N^  +  RCH=CR' 

^  in 


ArCHCH(R)COR' 

HN® 


ArCH=C(R)COR'  +  HgN© 


A  third  mechanism  is  possible,  that  of  condensation  of  an  immonium 
ion  with  an  enamine.  An  immonium  ion-dienamine  reaction  step  is 
postulated  in  the  pyrrolidinium  perchlorate-catalyzed  self- condensation 
of  2-cyclohexen-l-one.®®®'  The  formation  of  a,/?-unsaturated  ketones  by 
self- condensation  of  enamines  derived  from  methyl  alkyl  ketones  may 
involve  such  a  reaction  (see  p.  20);®°  a  dienamine  intermediate  can  be 
isolated.  An  immonium  ion-enamine  reaction  may  occur  in  the  con¬ 
densation  of  acetone  with  1 -propenylpiperidine  (added  acetic  acid)  to 
yield  2,4,5-trimethyl-2,4-hexadienal  (see  p.  27).®^ 

Acid  Catalysis.  The  mechanism  of  the  acid- catalyzed  reaction^’*  i® 
is  similar  to  that  of  the  base -catalyzed  reaction  in  that  an  initial  proton 
removal  step  (Eq.  7)  is  involved,  though  from  a  protonated  intermediate 
8  (R  and  R"  =  alkyl  or  aryl;  R'  and  R'"  =  alkyl,  aryl,  or  hydrogen). 
The  intermediate  enol  9  reacts  in  a  rate-limiting  step  (Eq.  8)^^  with  a 
second  (protonated)  carbonyl  molecule  to  produce  an  aldol  or  ketol 
5.  However,  a,^-unsaturated  carbonyl  compounds  7  (rather  than  aldols 
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RCHoCR'  +  H® 

A 


RCHoCR'  +  B 
8 


^  RCH^CR'  4->  RCH,CR' 

II  ^  ] 

OH®  in 


RCH=CR'  +  BH® 

I 

OH 

9 


(Eq.  6)  Fast 


(Eq.  7)  Fast 


OH 

R'CR'"  +  RCH=CR'  ^  R"— (t— CH(R)COR'  +  H®  '  (Eq.  8)  Slow 
OH  6h 

10  9  5 

or  ketols)  are  the  most  frequently  encountered  products,  because  acid- 
catalyzed  dehydration  is  very  rapid  and  in  most  instances  not  easily 
reversed.  The  dehydration  step  (Eq.  9)  involves  protonation  of  the 
hydroxyl  group,  followed  by  loss  of  water  and  then  loss  of  a  proton. 
The  dehydration  may  proceed,  in  kinetically  distinguishable  paths,  via 
a  carbonium  ion  or  enol  intermediate  (Eqs.  9a  and  9b).6i-62a  Dehydration 


© 

OHa 

R'(l;— CH(R)COR' 
R* 


-HaO 


OHj  OH 
R'C— c=(!;r' 

I*  I 

R'R 


© 

>  R'C— CH(R)COR' 
R" 


(Eq.  9a)  Fast 


-HaO 


-H 

OH 

R'C=C— CR' 

I-  I 

R"  R 


-H 
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R 

r'c=(!:cor' 
I 

R" 


(Eq.  9b)  Fast 


is  generally  more  rapid  than  reversal  of  the  rate-determining  condensation 
step  (Eq.  8).^2  'pjjg  course  of  the  acid-catalyzed  reaction,  unlike  the 
base -catalyzed  process,  is  not  characterized  by  the  influence  of  reversibility 
in  all  steps,  but  principally  by  reactivity  and  stability  of  intermediate 

enols.^2 

An  important  and  useful  acid-catalyzed  procedure  employs  hydrogen 
chloride  in  the  absence  of  solvent,  or  in  an  aprotic  solvent  such  as  benzene. 
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to  produce  a  /3-chloroketone  which  may  be  dehydrohalogenated  stereo- 
selectively  to  the  more  stable  trans  7  {trans  disposition  of  bulkier  /3-group 
and  a-carbonyl  group). 


B 


© 


Cl  R 

R'i— icOR'  — ► 

A"'i 


R 

R''C=icOR'  +  BH  -I-  Cl© 


7 


Stereochemistry.  Present  knowledge  of  the  stereochemistry  of  the 
aldol  condensation  is  limited.-*®-  Aldols  and  ketols  are  susceptible 

to  retrogression  to  form  the  reactants  or  to  dehydration  to  yield  the 
corresponding  a,/3-unsaturated  carbonyl  compounds.  The  facile  equilibra¬ 
tion  of  aldols  through  their  enolate  anions,  as  well  as  by  retrogression, 
contributes  to  the  paucity  of  examples  of  kinetically  controlled  aldol 
formation.®^-’2. 76  Available  data  suggest  a  general  lack  of  stereo- 
electronic  control  or  stereospecificity  in  the  C — C  bond-forming  process. 
Mixtures  of  epimers  often  result  under  kinetically  controlled  conditions 
in  condensations  leading  to  acyclic®-*  or  alicyclic®®-  products.  In  the 
two  ketols  and  the  aldol  shown,®®-  ®®-’®  mild  conditions  and  short  reaction 
times  lead  to  mixtures  of  epimers  involving  substituents  about  the  bond 
shown  by  a  broken  line.  Slightly  more  vigorous  conditions  or  longer 
reaction  times  result  in  complete  conversion  to  the  most  stable  epinier 
in  each  example.®®-  ®®-^®  In  the  formation  of  acyclic  products,  equilibra¬ 
tion  may  lead  to  mixtures  of  epimers  different  from  the  mixtures  formed 
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under  kinetic  control.  These  observations  suggest  that  the  transition 
state  for  the  condensation  has  a  relatively  long  developing  C— C  bond  and 
does  not  resemble  the  products. 

Other  asymmetric  centers  in  the  reactant(s)  may  influence  the  stereo¬ 
chemistry  of  the  aldol  condensation  leading  to  very  stereoselective  proc¬ 
esses  as  in  certain  examples  of  the  Robinson  annelation  reaction;®’*  ®8*  ’®*  ” 
it  is  not  known  to  what  extent  these  results  represent  kinetic  control.®® 


CjHjONa,  C2H5OH:  or 
- ) 

pyrrolidine,  CH,CO,H, 
cold 


or 


In  many  cases  the  aldol  condensation  appears  to  be  more  stereoselective 
under  conditions  of  thermodynamic  control  (except  in  certain  acyclic 
systems)®^*  ®®  than  under  conditions  of  kinetic  control. 

Another  important  stereochemical  question  concerns  cis-trans  isomerism 
of  a,/5-unsaturated  carbonyl  compounds  derived  from  ketols  and  aldols. 
It  is  clear  from  the  known  examples®®*  that  the  most  highly  favored 
(and  often  the  most  stable)  product  is  the  trans  isomer  {trans  disposition 
of  the  bulkier  /5-group  and  the  a-carbonyl  group);  the  formation  of 


’’  T.  A.  Spencer  and  T.  W.  Flechtner,  unpublished  results;  we  wish  to  thank  Professor 
Spencer  for  making  some  of  his  results  available  to  us  prior  to  publication. 

C.  Y.  Chen  and  R.  J.  W.  Le  Fdvre,  J.  Chem.  Soc.,  5528  (1965). 

S.  V.  Tsukerman,  A.  I.  Artemenko,  and  V.  F.  Lavrushin,  Zh.  Obshch.  Khim.,  34,  3591 
(1964)  \C.A.,  62,  4736  (1965)]. 

A.  Hassner  and  T.  C.  Mead,  Tetrahedron  Letters,  1223  (1962). 

R.  Heilmann,  Bull.  Soc.  Chim.  France,  [5]  4,  1064  (1937). 

J.  E.  Dubois  and  M.  Dubois,  Compt.  Rend.,  256,  715  (1963). 

83  H.  Kwart  and  L.  G.  Kirk,  J.  Org.  Chem.,  22,  116  (1957). 

8*  R.  A.  Abramovitch  and  A.  Obach,  Can.  J.  Chem.,  37,  502  (1959). 

88  R.  Mecke  and  K.  Noack,  Chem.  Ber.,  93,  210  (1960). 

8*  L.  Crombie,  Quart.  Rev.  (London),  6,  101  (1962). 

8’  R.  E.  Buckles,  G.  V.  Mock,  and  L.  Locatell,  Jr.,  Chem.  Rev.,  55,  659  (1955). 

88  G.  B.  Payne  and  P.  H.  Williams,  J.  Org.  Chem.,  26,  651  (1961). 

8»  G.  Gamboni,  V.  Theus,  and  H.  Schinz,  Helv.  Chim.  Acta,  38,  255  (1955). 

8“  V.  Theus,  W.  Surber,  L.  Colombi,  and  H.  Schinz,  Helv.  Chim.  Acta,  38,  239  (1955). 

*8®  J.  Sotiropoulos  and  P.  B6dos,  Compt.  Rend.,  263,  Ser.  C,  1392  (1966). 


THE  ALDOL  CONDENSATION 


13 


3.methyl-(mM-3-pentcn-2.one  is  illustrative cis  Isomers  may  som^e- 
times  be  isomerized  to  Irans  isomers  with  acid  or  basic  catalysts 


CH3CHO  +  CH3CH2COCH3 

CH, 


H 


H®  or  OH® 

- > 

CHa 

\  / 

H®  or  OH®  \ 

C=C 

< -  c 

^  ^OCHg 

/ 

\ 


COCH, 


CH, 


trans 


ei$ 


the  reverse  transformation  is  frequently  effected  by  irradiation  with 
ultraviolet  light.^^.  93  The  mechanism  of  the  heterolytic  isomerization 
can  involve  hydration  of  the  olefinic  double  bond,®^'  or  formation  of  a 
dienolate  anion  if  a  y  hydrogen  atom  is  present,  followed  by  equilibration 
of  the  a,/5-  and  the  /3,y-unsaturated  ketones.®^ 


SCOPE  AND  LIMITATIONS 

Self-Condensation  of  Aldehydes 

The  aldol  condensation  produces  /3-hydroxy  aldehydes  from  saturated 
aliphatic  aldehydes  having  at  least  one  a  hydrogen  atom.  Formaldehyde 

R 

it< 


2  RR'CHCHO 


RR'CHCHOHCCHO 

A- 


undergoes  self- condensation  to  polyhydroxyaldehydes  (Butlerow  re¬ 
action)  ;95-99a  although  the  initial  step  leading  to  glycolaldehyde  is  not  an 
aldol  condensation,®’  subsequent  steps  do  constitute  an  aldol  condensation. 


10 


r0 


OH^  OH' 

2  HCHO  - HOCH,CHO  - 


^  sugars 

Aldols  produced  from  aldehydes  having  only  one  a  hydrogen  atom  (e.g., 
isobutyraldol)  cannot  be  dehydrated  to  a,/3-unsaturated  aldehydes. 


2  (CH3)2CHCH0 


KOH 


(CH3)2CHCH0HC(CH3)2CH0 
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Unbranched  homologs  of  acetaldehyde  (w-alkanals)  up  to  hexanal 
produce  aldols  in  a  normal  manner  with  basic  catalysts  if  reaction  con¬ 
ditions  are  mild;  for  this  particular  reaction  basic  ion-exchange  resins 
appear  to  be  the  most  effective  catalysts.i«o  Propanal  and  butanal  have 
been  condensed  to  aldols  in  good  yields,  but  the  more  vigorous  conditions 
(higher  temperature,  stronger  base)  needed  to  effect  condensation  of 
higher  homologs  often  cause  extensive  dehydration  of  the  aldols,  leading 
to  a,^-unsaturated  aldehydes.  For  example,  heptanal  Avith  a  mild  basic 
ion-exchange  catalyst  reacts  only  at  elevated  temperature  to  produce 
2-pentyl-2-nonenal,  not  the  aldol.ioi  Yields  of  aldols  decrease  as  the 


Basic  ion- 
exchange  resin 

2n-C3H7CHO  - - >  n-CgH^CHOHCHfCaHslCHO 

66% 


Basic  ion- 
exchange  resin 

2  n-CgHijCHO  >  n-C6H,3CH=C(C5Hii-n)CHO  +  H^O 

57% 


carbon  chain  increases  in  length.  Phosphorus  oxychloride  and  thionyl 
chloride  have  been  reported  to  condense  heptanal  to  the  aldol  in  41-46% 
yield  at  0-10°.^®^’ 

Numerous  side  reactions  (discussed  on  pp.  61-62)  frequently  accompany 
attempts  to  apply  vigorous  conditions  to  the  self-condensation  of  alkanals. 
Aldols  dimerize  to  1,3-dioxane  derivatives  on  standing  and  should  be 
redistilled  immediately  before  use  (see  p.  59). 

Although  general  procedures  are  not  available  to  form  aldols  in  good 
yields  from  w-alkanals  of  more  than  six  carbon  atoms,  the  derived  a,/5- 
unsaturated  aldehydes  have  been  obtained  in  excellent  yields  in  all  cases 
reported. The  condensation  of  octanal  to  2-hexyl-2-decenal  is  an 
example. 

C  H  ONa 

2  n-C^HijCHO  n-C7Hi5CH=C(C6Hi3-n)CHO  -f  H^O 

79% 

Aldols  having  a  hydrogen  atom  a  to  the  carbonyl  group  may  readily  be 
dehydrated,  by  heating  with  an  acid  catalyst  such  as  iodine  or  oxalic 
acid,  to  a,/3-unsaturated  aldehydes  in  good  yield.^®®  Heating  strongly  in 

H® 

RCHgCHOHCHfRlCHO  RCH2CH=C(R)CHO  HgO 
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2128  (1966)]. 
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the  absence  of  a  catalyst  may  dissociate  aldols  to  form  the  parent  aide- 

hydes.  .  , ,  ,  , 

The  self- condensation  of  a,^-unsaturated  aliphatic  aldehydes  is  an 

important  sjmthetic  route  to  conjugated  polyenals,  although  yields  are 
often  low.  The  condensation  products  isolated  have  been  formed  by 
attack  on  the  y  rather  than  the  a  carbon  atom  ;io5-ii3  j^ild  basic  catalysts, 
such  as  piperidinium  acetate,  are  preferred. H'*  With  amine  catalysts 
dienamine  intermediates  are  probably  involved.  These  are  attacked 
preferentially  on  the  a  position  in  many  reactions,  including  Michael 
addition  and  alkylation. ^2  The  attack  on  the  y  position  observed  in 
aldol  condensation  suggests  a  thermodynamically  controlled  product 
composition  favoring  a  linear,  rather  than  a  cross-conjugated,  polyene. 
3-Methyl-2-butenal  forms  dehydrocitral  in  14.5%  yield.^^  Polyenals 


2  CH3C=CHCH0 


CsHijN®  ^OCOCIlg 


>  CH3C=CHCH=CHC=CHCH0 


CH3  CH3  CH3 

have  been  prepared  in  this  manner  from  benzaldehyde  and  2-butenal.^^® 
The  Wittig  reaction  is  a  useful  alternative  route  to  polyenals.^® 


Mixed  Condensation  of  Aldehydes 


The  condensation  of  formaldehyde  with  aliphatic  aldehydes  (Tollens 
condensation^^’-  can  readily  produce  methylol  aldehydes  in  which  all 
a  hydrogen  atoms  have  been  replaced  by  methylol  groups.  It  is  difficult 
to  prevent  complete  methylolation ;  the  second  methylol  group  is  evi¬ 
dently  introduced  more  rapidly  than  the  first, and  the  equilibrium  also 
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525,  43  (1936). 
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93“^*  D9N.  Kursanov  and  Z.  N.  Fames,  Dokl.  Akad.  NaukSSSR,  103,  847  (1955)  [C.A.,  50, 
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47,  2124  (1953)].  ’  [C.A., 
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favors  the  polymethylol  product.  Monomethylolalkanals  can  be  obtained 
from  branched  (a-  and/or  yS-substituted)  and  higher  alkanals  (>05) 
under  mild  conditions  (e.g.,  potassium  carbonate,  aqueous  ether,  low 

temperature).^^®  w- Alkanals  (butanal  through  nonanal)  have  been 

condensed  with  formaldehyde  to  yield  2,2-6is-methylol  alkanals.i^i- 122 

HgOH  CHgOH 

HCHO  I 

— CHO  - RC— CHgOH 

HgOH  .  inaOH 

Unless  reaction  conditions  are  sufficiently  mild,  however,  reduction  of  the 
aldehyde  group  by  formaldehyde  often  leads,  irreversibly,  to  diols  or 
triols  (crossed  Cannizzaro  reaction)  lower-molecular- weight 

aliphatic  aldehydes  are  apparently  most  susceptible  to  this  reduction 
which  is  also  favored  by  excess  formaldehyde.  Although  basic  condensing 
agents  (hydroxides)  are  most  frequently  employed,  the  reaction  is  also 
effected  by  sulfuric  acid.^^^ 

a-Alkylacroleins  are  obtained  in  46-62%  yield  by  vapor-phase  con¬ 
densation  of  formaldehyde  with  w-alkanals  the  subject  has  been 
re  vie  wed. 


RCHgCHO 


HCHO 


■>  RCHCHO 


CH2OH 


HCHO 


V  RC 


NaaO,  SiO, 

HCHO  RCHgCHO  >  CH2=C(R)CHO  +  H2O 

Z7o-oUU 


The  condensation  of  pentanal  and  hexanal  with  formaldehyde  in  water 
at  100°  (18-20  hr.)  in  the  absence  of  added  catalyst  has  been  reported 
to  yield  a-n-propyl-  and  a-n-butyl-acrolein  in  64-66%  yield. 
Dehydration  of  monomethylolalkanals  by  means  of  an  acid  catalyst  usu¬ 
ally  leads  to  polymers  and  low  yields  of  a-alkylacroleins.^^®  a-Alkylacro- 
leins  are  more  conveniently  prepared  from  Mannich  intermediates, 
R'CH(CH2NR2)CHO.i2o-  128 
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Mixed  condensations  of  hydroxy  aldehydes  have  been  used  for  sugar 
syntheses 

Ca(OH)2 

HOCHgCHO  +  OHCCHOHCHO - aldopentoses 

In  mixed  condensations  of  aliphatic  aldehydes  four  different  aldol 
products  are  possible,  but  one  often  predominates.  Concurrent  formation 
of  a,^-unsaturated  aldehydes  often  leads  to  more  complex  mixtures. 
From  the  limited  number  of  examples  available  it  appears  that,  at  least 
for  most  simple  aliphatic  aldehydes  reacting  at  ambient  temperature, 
the  aldol  results  from  attack  by  the  aldehyde  with  the  lesser  number  of  a 
substituents  on  the  a  carbon  atom  of  the  aldehyde  having  the  greater 


KOH 

CH3CHO  +  CH3CH2CHO - > 

CH3CH0HCH(CH3)CH0  CH3CH=C(CH3)CH0 

number  of  a  substituents^^®“^^^  (Lieben’s  rule).^^°’  At  higher  tempera¬ 
tures  different  behavior  may  be  expected.  Isobutyraldehyde,  for  ex¬ 
ample,  forms  aldols  (which  cannot  dehydrate)  according  to  Lieben’s  rule 
under  mild  conditions  (25°),^^®  but  more  vigorous  conditions  (80°) 
produce  a, /S- unsaturated  aldehydes  formed  by  condensation  at  the  iso¬ 
butyraldehyde  carbonyl  group  (e.g.,  2-ethyl-4-methyl-2-pentenal  from 
butanal).^^®  Since  the  formation  of  a,/9-unsaturated  carbonyl  compounds 


NaOH,  25° 

CH3CH2CHO  +  (CH3)2CHCH0 - CH3CH2CH0HC(CH3)2CH0 

_  NaOH,  80° 

CH3CH2CH2CHO  +  (CH3)2CHCH0  - >  (CH3)2CHCH=C(C2H5)CH0 

is  usually  irreversible,  this  orientation  is  to  be  expected  from  mixed 
condensations  effected  under  vigorous  conditions  (thermodynamic 
control).  Some  ^,y-unsaturated  isomer  may  be  expected  in  carbonyl 
products  having  both  a  and  y  substituents.1^2 
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It  appears  that  increased  substitution  of  bulky  groups  in  the  ^  position 
of  one  reactant  favors  attack  at  the  less  substituted  aldehyde  carbonyl 
group  even  at  low  temperatures.  For  example,  condensation  of  acetalde¬ 
hyde  with  undecanal  (sodium  amide  in  ether)  leads  to  nearly  equal 
amounts  of  the  two  possible  mixed  aldols;^^^  this  result  may  be  due  in 
part  to  use  of  the  aprotic  solvent  ether  which  prevents  rapid  enolate 
equilibration. 3-(4-Methyl-3-cyclohexenyl)butanal  has  been  reported 
to  condense  with  acetaldehyde  at  the  methyl  group  (potassium  hydroxide 
in  aqueous  methanol). Careful  quantitative  analyses  of  product 
mixtures  obtained  from  mixed  aliphatic  aldehyde  condensations  are 
evidently  limited  in  number,  and  the  subject  deserves  further  study. 


n-C^HigCHgCHO  +  CHaCHO 


NaNH, 


(C2H5)20.  -4“  to  18“ 

n-C^HigCHaCHOHCHgCHO  CH3CHOHCH(C9Hi9-n)CHO 
14%  19% 


CH, 


)CHCH2CH0  +  CH3CHO 
CH, 


KOH,  aq.  CH3OH 
5-25° 


CH, 


>CHCH2CH=CHCH0 


CH, 


Roles  of  solvent,  catalyst,  and  temperature  as  well  as  structure  are 
important  in  determining  product  composition.  Equilibration  of  sub¬ 
strate  protons  (in  protic  solvents)  relative  to  non-equilibration  (in  aprotic 
solvents),  which  affects  concentrations  of  intermediate  enolates  and  alk- 

oxides,  is  a  factor  in  these  experiments. 

Aromatic  aldehydes  condense  with  aliphatic  ones  to  produce  cinnamalde- 
hydes  in  fair  to  good  yields.  Aldols  seldom  are  isolated.  Basic  catalysts 
are  employed  most  frequently.  Electron-withdrawing  groups  m  the 
aromatic  ring  generally  favor  the  condensation;  electron-releasing  groups 

Ar  B 

OH®  \  /  I  XT  o 

ArCHO  +  RCH2CHO  - ^  ^  " 

n  CHO 


disfavor  it.  As  the  alkyl  group  R  of  the  alkanal  becomes  bulkier,  yie  s 
decrease.  The  product  has  been  shown  to  havejhe  /9-aryl  group  trans 
to  the  carboxaldehyde  group  for  R  =  H  or  CeH,.®*' 


M.  Stoll.  Helv.  Chim.  Acta,  30,  991  (1947). 
R.  B.  Wearn  and  C.  Bordenca,  U.S.  pat.  2, 


519,327  {C.A.,  45,  649  (1951)]. 
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An  aldehyde  enamine  has  been  condensed  with  propanal  in  the  presence 
of  acetic  acid  to  give  a  98%  yield  of  2-methyl-2-pentenal.5«  This  reaction 


C.HXHO  +  CH3CH=CHN 


CaHsCH^CCCHglCHO 

98% 


is  of  potential  value  in  aldol  condensations  because  it  could  be  applicable 
to  mixed  aldehyde  condensations  if  equilibration  of  the  enamine  and  the 
aldehyde  could  be  prevented.  The  Wittig  reaction  is  applicable  to  the 
preparation  of  a,/3-unsaturated  aldehydes,  RCH  =  C(R')CHO.^^ 


Self-Condensation  of  Ketones 


The  self- condensation  of  ketones  may  lead  to  ketols  or  a,^-unsaturated 
ketones.  Diacetone  alcohol  is  best  prepared  by  condensing  acetone 
using  barium  oxide  catalyst. The  best  yield  (75%)^^®’  is  secured  by 
employing  a  Soxhlet  extractor  to  separate  the  catalyst  from  the  ketol 
as  it  is  formed.  Mesityl  oxide  may  be  prepared  in  79%  yield  by  heating 
acetone  under  reflux  with  a  basic  ion-exchange  resin. (Phorone  and 
isophorone  are  by-products  of  acetone  self-condensation.)  It  is  also 
readily  prepared  by  dehydration  of  diacetone  alcohol  (iodine  catalyst). 
More  vigorous  conditions  are  needed  for  the  self- condensation  of  symmet¬ 
rical  homologs  of  acetone  such  as  3-pentanone  and  4-heptanone ;  catalysts 
such  as  sodium  ethoxide,  aluminum  ^-butoxide,  isopropylmagnesium 
chloride,  zinc  chloride,  and  phosphorus  oxychloride  have  been  used. 
Acid  catalysts  lead  to  unsaturated  ketones.  Methylanilinomagnesium 
bromide  in  ether-benzene  solvent  is  an  excellent  catalyst  for  ketol  prep¬ 
aration;^^®  it  catalyzes  self- condensation  of  4-heptanone  to  the  ketol 
in  45%  yield  and  3-pentanone  to  the  ketol  in  60%  yield.  Attempts  to 
effect  self-condensation  of  diisopropyl  and  diisobutyl  ketones  have  failed. 

CgH5N(CH3)MBBr 

2  (n-CgH^lgCO - (n-CgH^lgCOHCHCCgHglCOCgH^-n 

Unsymmetrical  aliphatic  ketones  undergo  self-condensation  by  attack 
of  the  carbonyl  group  on  the  less  hindered  a  carbon  atom  (anti-Lieben’s 


[c2!62^nl79{t96li]  (Bucharest).  15,  736  (1964) 

***  J.  Colonge,  Bull.  Soc.  Chim.  France,  [4]  49,  441  (1931). 

Ill  XT  Tuttle,  Org.  Syntheses,  Coll.  Vol.,  1,  199  (1941). 

N.  B.  Lorette,  J.  Org.  Chem.,  22,  346  (1957). 

Tuttle.  Org.  Syntheses,  Coll.  Vol.  1,  345  (1941). 

151  i.T  Colonge,  Compt.  Rend.,  194,  929  (1932). 

W.  Wayne  and  H.  Adkins,  J.  Am.  Chem.  Soc.,  62,  3401  (1940). 
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Rule.).  One  known  exception  is  2-butanone  which  undergoes  self¬ 
condensation  on  the  ethyl  group  with  acid  catalysis. All  other 


OH 


CH3CH2C— CH2COCH2CH3 


Base 


2  CH3COCH2CH3 


Acid 


CH, 


CH3CH2C=CC0CH3 


CH, 


methyl  ketones,  including  branched  ones,  undergo  primarily  1 -condensa¬ 
tion  (on  the  methyl  group)  with  acid  or  basic  catalysts  either 

ketols  or  unsaturated  ketones  may  result  with  base.  A  very  small 
amount  of  3-condensation  may  also  result  in  certain  instances. 


Acid  or  base 

2  CH3(CH2)„C0CH3  - > 


CH3(CH2)„C=CHC0{CH2)„CH3  (or  parent  /S-ketol  with  base) 


CH 


3 

>  1 


The  self-condensation  of  enamines  derived  from  methyl  alkyl  ketones 
(generated  in  situ  from  the  ketals  and  morpholine)  ultimately  produces 
a, jS- unsaturated  ketones  resulting  from  condensation  at  the  methyl 


group 


60 


2  RCH2C(0C2H5)2  4- 


CH, 


Heat, 
36-48  hr. 

— CjHsOH 


H,0 


© 


RCH.,C=CHC=('HR 

"I  I 

CH3  /N. 


RCHoC^CHCOCHaR 


H, 


'O' 


V.  Grignard  and  J.  Colonge,  Compt.  Bend.,  190,  1349  (1930). 
j.  Colonge  and  K.  Mostafavi.  Bull.  Soc.  Ch^m.  France,  [5]  5 
134  A.  E.  Abbott.  G.  A.  R.  Kon.  and  R.  D.  Satchell.  J.  Chem.  Soc.,  2514  (19-8). 
13®  H.  Thoms  and  C.  Mannich,  Ber.,  36,  2555  (1903). 

134  J.  Colonge.  Bull.  Soc.  Chim.  France,  [4]  49,  426  (1931). 

137  J.  E.  Dubois,  Compt.  Rend.,  224,  1018  (1947). 

i3«  J.  E.  Dubois  and  M.  Chastrette,  Tetrahedron  Letters,  2229  (19  ). 
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Self-condensation  of  alicyclic  ketones  proceeds  normally;  cyclo- 
pentanone,  cyclohexanone,  and  cycloheptanone  form  ketols  or  a,^- 
unsaturated  ketones;  the  ketols  derived  from  cyclopentanone  dehydrate 
most  easily.  Ketol  formation  is  favored  with  anilinomagnesium  bromide 
in  ether. 2-Cyclobutylidenecyclobutanone  has  been  prepared  from 
cyclobutanone  and  its  enamines.^®*’ 


O  0  0 


Acid  catalysts  favor  the  monosubstituted  unsaturated  ketone. 

With  cyclohexanones  the  double  bond  in  the  product  may  appear  in  the 
endocyclic  ^,y  position  as  well  as  the  a,/5  position. The  use  of 
ethanolic  potassium  hydroxide  as  a  catalyst  leads  to  mixtures  of  mono- 
and  bis-condensation  products. 


O.  Wallach.  Ber.,  40.  70  (lOOvi. 

J.  Reese,  Ber.,  75,  384  (1942). 

j:sTa:etcl\- (1964). 

[C.A.,  50,  7S’(^Sr”  Commun.,  21,  375  (1956);  Chem.  Liaty,  50,  252  (1956) 

T.^.Tav(!!-skaTa^T’s^*"L  France,  1662  (1965). 

Khim.,  2,  739  (1966)  [C.A.,  65,  8772  Vlasov,  Zh.  Org. 
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The  intermediate  ^-chloroketone,  2-(l-chlorocyclohexyl)cyclohexa- 
none,i62.  m  prepared  from  cyclohexanone  and  hydrogen  chloride,  may 
be  dehydrohalogenated  to  the  a, /S- unsaturated  ketone  (methanolic 
sodium  methoxide  at  low  temperature,  <10°)  or  the  endocyclic  /3,y 
isomer  (with  aqueous  sodium  hydroxide  at  room  temperature), 

Alkyl  aryl  ketones  undergo  self- condensation  to  substituted  styryl  aryl 
ketones  (dypnones).  Aluminum  f-butoxide^®!  and  hydrogen  bromidei®^ 
are  effective  catalysts  for  these  condensations.  Methylanilinomagnesium 
bromide  in  ether  produces  ketols.^®^ 


R 


2  ArCOCHgR  ArC=^C 

100°  I 

CH< 


COAr  +  HgO 
R 


2ArCOCH2R  ArCOHCHCOAr 


(CjHsljO,  25° 


CHgR 


The  1,2-diketones,  2,3-butanedione  and  2,3-pentanedione,  undergo 
base-catalyzed  self-condensation,  in  low  yield,  to  p-benzoquinone  deriv¬ 
atives. The  intermediate  cyclic  ketol  has  been  isolated  from 
2,3-butanedione  after  reaction  with  dilute  aqueous  sodium  hydroxide  at 
low  temperature;^®®’  more  concentrated  base  at  higher  temperature 
produces  the  benzoquinone. 


2  CH3COCOCH2R 


NaOH 

- 

HjO 


OH 

[(t( 


CH3COCOCHCCOCH2R 

I  I 

R  CH3 

R  =  H. CH3 

o 


NaOH,  H2O 
Warm 


In  aqueous  acetic  acid,  2,3-butanedione  undergoes  self- condensation  to  a 
dihydrofuranone.^^^^  Self- condensation  has  been  effected  with  one 


O.  Diels,  W.  M.  Blanchard,  and  H.  v.d.  Heyden,  Ber.,  47,  2355  (1914). 

G.  Machell,  J.  Chem.  Soc.,  683  (1960). 

1’®  H.  V.  Pechmann  and  E.  Wedekind,  Ber.,  28,  1845  (1895). 

H.  V.  Pechmann,  Ber.,  21,  1411  (1888). 

R.  Shapiro,  J.  Hackmann,  and  R.  Wahl,  J.  Org.  Chem.,  31,  2710  (1966). 
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2CH3COCOCH3 


CH3CO2H,  HgO^ 
70° 


r^cH3 

CH3^0^C(0H)C0CH3 


CH, 


36% 


cyclic  1,2-diketone;  the  ketol  formed  could  not  be  completely  dehydrated 

to  a  benzoquinone,i’2  presumably  because  of  the  strain  that  would  be 

present  in  the  product. 


CH. — CH., 
2(cn,),  CO 
CHo — CO 


NaOCHj 
- >- 

CH3OH 


(CH3) 


(CHJ 


2>5 


CH2 - 

(CH^ls  O 

CHj - 


OH 


-9H2 

-CH2 


Few  examples  of  self-condensation  of  1,3-diketones  are  known.  2,4,6- 
Heptanetrione  was  condensed  under  carefully  controlled  conditions 
(aqueous  sodium  hydroxide  and  a  potassium  acid  phosphate  buffer)  to  a 
tetralone  (at  pH  7. 1-7.2)  or  a  naphthalene  derivative  (pH  8.2).^"^^ 
Attempts  to  effect  self-condensation  of  other  1,3-diketones  have  failed. 


Diketones  having  carbonyl  groups  separated  by  two  or  more  carbons 
have  not  been  observed  to  undergo  intermolecular  condensation.  Those 
which  have  been  examined  readily  condense  intramolecularly  to  form 
cycloalkenones  or  acyl  cycloalkenes  (discussed  on  pp.  49-56). 


Mixed  Condensation  of  Ketones 

The  condensation  of  two  different  ketones  produces  ketols  or  a,/5- 
unsaturated  ketones.  The  reaction  has  seldom  been  applied  to  two 

1’*  R.  A.  Raphael  and  A.  I.  Scott,  J.  Chem.  Soc.,  4566  (1952). 

J.  R.  Bethell  and  P.  Maitland,  J.  Chem.  Soc.,  3751  (1962). 

E.  E.  Blaise,  Compt.  Rend.,  158,  708  (1914). 
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different  acyclic  ketones,  and  the  known  procedures  appear  to  be  of 
limited  utility  for  mixed  condensations.^’^a  Condensation  of  acetone 
with  2-butanone  gave  a  mixture  of  products. Although  diisobutyl 
ketone  failed  to  condense  with  itself,  it  has  been  condensed  with  acetone 
to  produce  a  ketol.^’^®  One  should  be  able  to  extend  this  reaction  to 


vC3H7CH2COCH2C3H7-i  +  CH3COCH3  — - > 


(CH3)2C0H 

i-C3H7CHCOCH2C3H7-i 


condensations  of  other  hindered  ketones  with  more  reactive  ketones 
employing  methylanilinomagnesium  bromide  as  the  condensing  agent.^’’^ 
Condensation  of  aliphatic  methyl  ketones  with  cyclohexanones  occurs 
by  reaction  of  the  cyclic  carbonyl  group  with  the  methyl  group  of  the 
methyl  ketone.^^®"^'^®^  The  double  bond  in  the  product  usually  appears 


0 

in  cyclohexanone-condensed  products  in  the  endocyclic  ^,y  position  rather 
than  the  exocyclic  a,/5  position.  On  the  other  hand,  cyclobutanonei®® 


+  CH,COCHs 


Aq.NaOH 
- > 


+  (CHgljC 


+  CHXOCHj 


NaOC2H5 


S.  Jung  and  P.  Cordier,  Compt.  Rend.,  Ser.  C,  262, 

176  T.  Voitila,  Suomen  Kemistilehti,  9B,  30  (1936)  [C.A.,  3  ,  ^ 

176  p.  Maroni  and  J.  E.  Dubois.  Bull.  Soc.  Chim.  France,  126  (1955) 

177  A.  T.  Nielsen.  C.  Gibbons,  and  C.  Zimmerman.  J.  Am.  Chem.  Soc.,  73.  4696  (195 

178  G.  A.  R.  Kon.j.  Cftem.  5oc..  1792  (1926). 

176  R.  B.  Turner  and  D.  M.  Voitle.  J.  Am. 

i7»a  E.  A.  Brande  and  O.  H.  Wheeler.  J.  Chem  Soc  3-9  (1^). 

180  J  p  sandre  and  J.  M.  Conia,  Bull.  Soc.  Chrm.  France,  903  (1962). 
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and  cyclopentanone«'-'“  condense  with  acetone  to 

derivatives  The  relative  reactivities  of  ketones  to  nucleoph.hc  attack 
(rates  and  equilibria)  appear  to  be  important  here  and  h-^een 
for  the  formation  of  acetals, semicarbaaones.  cyanohydrins, 
and  bisulfite  addition  compounds,'”'  as  well  as  for  sodium 
reduction.i^^- 195  The  relative  reactivities  of  ketone  enolates  may  a 

be  pertinent;  cf.  alkylation  rates. 

Acetophenone  condenses  with  2.butanone  or  2-pentanone  to  give 
mixtures  of  products.^^® 

CgH5N(CH3)MgBr 

CeHeCOCHg  +  CHgCOCgH^-n - 

C^HeC^CHCOCgH^-n  +  C6H5COCH=CC3H7-n 


The  condensation  of  benzils  with  simple  aliphatic  ketones  leads  to  the 
interesting  cyclopentenone  ketols,  “anhydroacetonebenzils  (11)» 
which  do  not  dehydrate  to  stable  cyclopentadienones.  The  ketols 


ArCOCOAr  +  RCHgCOCHjR' 


(R,  R'  =  alkyl,  aryl) 


KOH 
- >■ 


11 


— H,o  Arr — ^Ar 

—  rOr' 


0 

12 

(stable  when 
R.  R'  =  aryl  only) 
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P.  Hudry  and  P.  Cordier,  Compt.  Rend.,  261,  468  (1965). 
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derived  from  dibenzyl  ketone  do  dehydrate  to  produce  tetraphenyl- 
cyclopentadienones  (tetracyclones,  12).202-206  cyclopentadienones 

derived  from  dialkyl  ketones  are  unstable  and  readily  form  carbonyl 


bridged  dimers  such  as  13.205.  206  Condensation  of  benzils  with  cyclo¬ 
hexanones  leads  to  ketols207  and  with  acetophenones  to  /3-benzoyl  chal- 
cones.20® 

By  employing  2  molecular  equivalents  of  potassium  amide  (in  liquid 
ammonia)  with  certain  1,3-dicarbonyl  compounds  to  produce  a  dicar- 
banion,  condensations  may  be  effected  at  the  y  position. 200-2120  Alkyla¬ 
tions  and  acylations  also  occur  at  the  y  position  of  the  dianion.  The 
dicarbanions  are  most  conveniently  prepared  from  the  monoenolate  salt 
of  the  dicarbonyl  compound  by  treatment  with  1  molecular  equivalent  of 


(CH3COCH=CHO©)Na®  - ©CH2COCH-CHO© 

(CeHglaCO  +  ©CHgCOCH^CHO©  - >  (CeHslgCfOHlCHaCOCHgCHO 

potassium  amide.212  The  method  has  been  applied  to  1 -aryl- 1,3,5- 
hexanetriones  (fri^-anion  intermediate)  whereby  condensation  of  a 
carbonyl  compound  (benzophenone,  benzaldehyde)  occurs  on  the  terminal 
methyl  group  to  produce  a  ketol.212 


*0*  C.  G.  Henderson  and  R.  H.  Corstorphine,  J.  Chem.  Soc.,  79,  1256  (1901). 
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(1934). 
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(CeH,),CO  +  ecH,COCH=CCH=CAr 

00  00 

(C6H5)2C(OH)CH2COCH2COCH2COAr 

An  unexplored,  but  potentially  useful,  synthetic  route  to  a,^-unsat- 
urated  ketones  might  involve  condensation  of  a  ketone  with  a  ketone 
enamine  (acetic  acid  catalyst).^^-  se  The  Wittig  reaction  may  be  employed 
for  synthesis  of  a,/3-unsaturated  ketones. 


Condensation  of  Aldehydes  with  Acyclic  Ketones 

The  condensation  of  aldehydes  with  ketones  to  yield  ketols  or  a,^- 
unsaturated  ketones  is  a  reaction  of  broad  utility  and  applicability. 
A  significant  limitation  results  from  the  greater  reactivity  of  aldehydes, 
which  will  undergo  self-condensation  or  will  condense  at  the  a  carbon 
atom  of  ketones. Ketones,  however,  will  not  condense  inter- 
molecularly  at  the  a  carbon  atom  of  aldehydes  to  form  aldols  with  simple 
base  or  acid  catalysts.  By  employing  certain  enamine  or  imine  inter¬ 
mediates  this  limitation  may  be  circumvented.  Condensation  of  ethyl 
pyruvate  with  butanal  and  higher  alkanals^^^’  in  the  presence  of  diethyl- 
amine  at  4°  leads  to  aldols  and  probably  involves  the  more  readily  formed 
aldehyde  enamine.  (Pyruvic  acid  under  the  same  conditions  with  the 
same  aldehydes  forms  alkylidene  derivatives,  RCH2CH=CHC0C02H.^^®^) 


RCHgCHO  -f  CH3COCO2C2H5 


(CaH5)aNH 

4° 


>  RCH- 
CHO 


R  =  alkyl 


C(CH3)C02C2H5 

OH 


Intramolecular  condensations  of  ketonic  carbonyl  groups  on  the  a  carbon 
atom  of  aldehydes  (via  aldehyde  enamine  intermediates)  to  produce 
cycloalkene  carboxaldehydes  are  known  and  are  discussed  on  p.  57. 

An  intermolecular  condensation  of  a  ketone  with  an  aldehyde  enamine 
has  been  reported.  Acetone  reacts  with  1-propenylpiperidine  (added 
acetic  acid)  to  produce,  ultimately,  2,4,5-trimethyl-2,4-hexadienal  in 
unstated  yield the  second  molecule  of  enamine  entering  the  reaction 


(CH3)2C0  +  2  CH3CH=CHN 


/ 


CH3CO2H 


V 


CH3C=CCH=CCH0 

CH3CH3  CH3 

In  t'  250,  1668,  2587  (I960). 

2i6a'^n^?  Chim.  France,  2242  (1965). 

C.  G.  Wermuth  Bull.  Soc.  Chim.  France,  1435  (1966). 


28  ORGANIC  REACTIONS 

may  be  attacked  by  an  immonium  ion  intermediate  such  as 

© 

(CH3)2C=C(CH3)CH=NC5Hjq.  This  type  of  reaction  would  appear  to 
be  of  much  potential  synthetic  value  if  it  could  be  extended  to  other 
ketones  and  enaniines  derived  from  an  aldehyde  or  ketone,  particularly 
if  condensation  with  only  one  molecule  of  enamine  could  be  achieved  by 
proper  choice  of  reaction  conditions.  Employment  of  preformed  en- 
amines  (under  mild  conditions),  rather  than  those  generated  in  situ, 
appears  to  be  necessary.  In  each  of  the  few  known  examples  where 
secondary  amine  catalysts  have  been  employed  in  condensations  of  alde¬ 
hydes  (having  a  hydrogen  atoms)  with  ketones,  the  products  have  been 
a,/S-unsaturated  ketones.^^®”^-® 

By  employing  an  aldehyde  imine  anion,  condensation  with  ketones 
can  be  directed  to  produce  a,jS-unsaturated  aldehydes  (a  directed  Wittig 
aldol  condensation). In  this  synthesis  the  imine  is  metalated  with 
a  lithium  amide  in  ether,  then  treated  with  a  ketone  to  produce  an  isolable 
lithium  salt;  hydrolysis  of  this  salt  in  dilute  sulfuric  acid  provides  the 
a,/5-unsaturated  aldehyde  in  excellent  yield — 78%  overall  in  the  example 
shown  in  the  accompanying  equations. 

CHaCH^NCgHii  +  LiN(C3H7-i)2  LiCHaCH^NCeH^  + 

(C6H5)2C0  -f  LiCH2CH=NC6Hii-> 

H® 

(C6H5)2C(OLi)CH2CH=NC6Hii - >  (C6H5)2C=CHCHO 

The  Wittig  reaction  itself  is  not  applicable  to  the  preparation  of 
a,j5-unsaturated  aldehydes  from  ketones  and  formylalkylidene  triphenyl- 
phosphoranes.^^’  221b,  c 

The  entire  discussion  of  aldehyde-ketone  condensations  that  follows 
applies  principally  to  condensations  conducted  in  protic  solvents  under 
equilibrium  conditions. 

Symmetrical  Ketones.  Only  acetone  and  3-pentanone  are  very 
reactive  in  condensations  with  aldehydes  in  the  presence  of  ethanolic 
potassium  or  sodium  hydroxide  or  ethoxide  catalysts.  4-Heptanone  and 


21®  M.  E.  McEntee  and  A.  R.  Finder,  J.  Chem.  Soc.,  4419  (1957). 

21’  G.  B.  Payne,  J.  Org.  Chem.,  24,  1830  (1959), 

218  K.  Eiter,  Ann.,  658,  91  (1962). 

219  G.  Wermuth,  Compt.  Rend.,  251,  391  (1960). 

220  B.  D.  Wilson,  J.  Org.  Chem.,  28,  314  (1963). 

221  Q,  Wittig  and  H.  D.  Frommeld,  Ber.,  97,  3548  (1964). 

2218  G.  Wittig  and  P.  Suchanek,  Tetrahedron,  Suppl.  8,  Part  1,  347  (1966). 
221b  G.  Wittig,  Record  Chem.  Prog.  (Kresge-Hooker  Sci.  Lib.),  28,  45  (1967). 
2210  g  Xripett  and  D.  M.  Walker,  J.  Chem.  Soc.,  1266  (1961). 
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R'CHO  +  RCHgCOCHgR 

R'CH0HCH(R)C0CH2R - ^  R'CH=C(R)C0CH2R 

R',  R  =  H,  alkyl,  aryl 

higher  n-alkanones  condense  with  most  monocarboxaldehydes  with  great 
difficulty,  and  yields  are  poor;  no  procedure  has  yet  been  developed  for 
satisfactorily  effecting  condensations  of  this  type.222  However,  it  appears 
that  several  approaches  might  be  applicable  to  such  condensations. 
For  example,  a  modification  of  the  directed  Wittig  aldol  synthesis“^^*’ 
might  be  applied,  namely,  addition  of  an  aldehyde  to  the  required 
ketimine  anion.  Another  approach  could  make  use  of  a  slowly  equilibrat¬ 
ing  lithium  enolate  (in  a  solvent  such  as  1,2-dimethoxyethane,  with  rigorous 
exclusion  of  proton  donors), followed  by  addition  of  the  aldehyde. 
Alternatively,  condensation  of  an  aldehyde  with  a  ketone  enamine,  or 
the  Wittig  reaction,^^  might  be  employed. 

It  is  interesting  that,  although  most  monocarboxaldehydes  give  very 
poor  yields  (usually  <20%)  of  condensation  product  with  4-heptanone 
and  higher  non-methyl  w-alkanones,  o-phthalaldehyde  is  exceptional  and 
reacts  readily  with  these  ketones  to  give  excellent  yields  (73-97%)  of 
2,7-di-w-alkyl-4,5-benzotropones.223  It  is  known  that  intramolecular 
base-catalyzed  enolization  is  an  efficient  process  ;224  this  fact  suggests 
that  intramolecular  aldol-derived  alkoxide-catalyzed  enolization  of  the 
second  a  proton  may  be  strongly  favored  when  R  is  a  large  group,  and 
may  contribute  to  the  success  of  these  condensations.  When  R  is  a 
branched  alkyl  group,  yields  are  lower,  suggesting  that  in  these  examples 
the  initial  equilibrium  favors  reactants. 


+  RCH,COCH,R 


NaOC2H6 


C2H5OH 


^  CHR 

C=0  -2H,0 


HCHR 


"R 

R  =  alkyl,  aryl 


The  very  unreactive  diisopropyl  and  diisobutyl  ketones  may  be  con- 
verted  into  their  enolate  ions  with  a  strong  base  such  as  methylanilino- 
magnesium  bromide.  These  ions,  in  contrast  to  those  of  n-alkanones,  do 

-  K  cr 

1^.  nenaer.  J.  Am.  Chem.  Soc.,  87,  5625  (1965). 
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not  react  with  the  parent  ketone  under  the  reaction  conditions  and  may 
be  condensed  with  an  aldehyde,  yielding  62-88%  of  ketol.i’’  Attempts 
to  apply  this  procedure  to  more  reactive  ketones  (acetone,  3-pentanone, 


[(CHglaCHJaC-O 


CgH5N(CH3)MgBr 

(C2H5)30/CeH6 

(CH3)2CHC=C(CH3)2 

i© 


ECHO 
- > 


(CH3)2CHCC(CH3)2CH0HR 

o 


acetophenone)  failed,  because  self-condensation  of  both  ketone  and 
aldehyde  occurred,  the  aldehyde  condensation  product  ultimately  forming 
a  tertiary  amine.^’’  With  6-undecanone,  butanal  gave  a  15%  yield  of 
ketol. 

Occasionally ,  steric  hindrance  in  the  aldehyde  has  been  found  to  prevent 
condensation.  Dehydrocitral  (2,2,6-trimethylcyclohexane- 1  -carboxalde- 
hyde)  condenses  readily  with  acetone  in  the  presence  of  methanolic 
potassium  hydroxide  to  produce  dihydroionone  in  55-58%  yield.225 
On  the  other  hand,  2,2,6,6-tetramethylcyclohexane-l-carboxaldehyde 
could  not  be  made  to  undergo  condensation  with  acetone  under  a  variety 
of  conditions, 

Of  all  acyclic  ketones,  only  acetone  readily  forms  acyclic  6i5-condensa- 
tion  products  with  monocarboxaldehydes.  The  products  are  usually 
l,4-pentadien-3-ones,  most  frequently  produced  from  aromatic  aldehydes 
by  employing  2  mole  equivalents  of  aldehyde  in  the  presence  of  aqueous 


2  ArCHO  +  CmCOCH, - ArCH=CHCOCH=CHAr  +  2  HgO 

Aq.  C2H5OH 

ethanolic  sodium  hydroxide.  2-Butanone  occasionally  produces  bis- 
condensation  products.22® 

The  condensation  of  hydroxyaldehydes  with  dihydroxyacetone  has  been 
employed  in  sugar  syntheses.®®  ■  ^®2-  227-229a 

Unsymmetrical  Ketones.  A  large  number  of  condensations  of 
aldehydes  with  various  methyl  ketones  are  known,  but  very  few  with  other 
unsymmetrical  acyclic  ketones.222  a-Ketols  of  the  type  RCOCHOHR 
undergo  base-catalyzed  condensation  with  formaldehyde  and  acetalde¬ 
hyde  on  the  carbon  atom  bearing  the  hydroxyl  group.®®® 

M.  de  Botton,  Compt.  Rend.,  256,  2866  (1963). 

Y.  Kodama,  A.  Takai,  and  I.  Saikawa,  Japan,  pat.  19,642  (1964)  \C.A.,  62,  10413 
(1965)]. 

R.  Schaffer  and  H.  S.  Isbell,  J.  Org.  Chem.,  27,  3268  (1962). 

228  R.  Schaffer,  J.  Org.  Chem.,  29,  1471  (1964). 

*29  J.  A.  Gascoigne,  W.  G.  Overend,  and  M.  Stacey,  Chem.  Ind.  (London),  402  (1959). 

229a  c.  D.  Gutsche,  D.  Redmore,  R.  S.  Buricks,  K.  Nowotny,  H.  Grassner,  and  C.  W. 

Arnibrust6r,  «7.  A-tti-  Chein,  Soc,f  89*  1235  (1967), 
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Ketones  of  the  type  CH3COCHRR'  (R'  =  alkyl,  aryl,  or  H;  R  =  alkyl 
or  aryl)  may  condense  with  aldehydes  at  carbon  1  {I -condensation)  or 
carbon  3  {2 -condensation).  Four  principal  factors  determine  the  structure 
of  the  product  obtained  at  equilibrium:  (1)  catalyst;  (2)  nature  of 
substituents  R  and  R' in  the  ketone;  (3)  structure  of  the  aldehyde;  and 
(4)  the  solv^ent,  which  has  received  little  study.  These  factors  have  been 
reviewed  briefly  for  2-butanone.23i  Although  mixtures  of  1-  and  3- 
condensation  products  are  possible  and  to  be  expected,  few  studies  of  the 
exact  composition  of  products  have  been  reported;  a  single  substance 
appears  to  predominate  in  most  reactions. 

Acid  catalysts  favor  3-condensation  except  where  steric  factors  prevent 
it.  The  most  highly  branched  enol  [CH3C(0H)=CHR]  derived  from  the 
ketone  reacts  preferentially  with  the  aldehyde  to  produce  an  a,/9-un- 
saturated  ketone^^  (gge  equations,  p.  10).  It  is  primarily  the  direction 
of  enolization  which  determines  the  course  of  the  acid- catalyzed  condensa¬ 
tion.  The  dehydration  of  the  intermediate  ketol  is  rapid  (relative  to  the 
condensation  step),  and  ketols  seldom  result  from  acid-catalyzed  con¬ 
densations.^®-  Anhydrous  hydrogen  chloride  is  often  employed  as  acid 
catalyst;  the  intermediate  /5-halo  ketone  may  be  dehydrohalogenated 
by  treatment  with  aqueous  or  ethanolic  alkali  hydroxide^^^  or  carbonate, 


HCl 

CgHjCHO  +  CH3CH2COCH3  - > 

CeHs  CH3 

Aq.  NaOH  \  / 

C6H5CH(C1)CH(CH3)C0CH3  - ^  C=C 

^COCHg 

trans 

pyridine,  or  quinoline,  or  by  heating.  In  the  a,/5-unsaturated  product 
the  larger  /5-substituent  and  the  a  carbonyl  group  are  oriented  «mns.233-235 
All  methyl  n-alkyl  ketones  studied  are  reported  to  produce  3-condensa¬ 
tion  with  acid  catalysts.236.  237  Examples  of  acid-catalyzed  condensa¬ 
tion  at  carbon  atom  3  with  ketones  of  the  type  CH3COCHRR'  (R,  R'  = 
alkyl  or  aryl  but  not  hydrogen)  are  rare.  Since  the  expected  intermediate 
ketol  cannot  dehydrate  and  ketol  is  not  a  favored  product,  one  would 


H.  Haeussler  and  J.  Dijkema,  Ber.,  77,  601  (1944). 

C.  Harries  and  G.  H.  Muller,  Ber.,  35,  966  (1902). 

Ill  S'  E.  Havinga,  Rec.  Trav.  Chim.,  84,  17  (1965). 
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predict  the  major  condensation  product  to  be  an  a,/S-unsaturated  ketone 
derived  by  condensation  of  the  methyl  group,  RCH=CHCOCHRR'. 
The  only  reported  exceptions  to  3-condensation  using  an  acid  catalyst 
are  found  with  methyl  isobutyl  ketone  which  condenses  at  the  methyl 
group  with  aromatic  aldehydes  (benzaldehyde,238.  239  salicylaldehyde,^^^ 
and  4-methoxybenzaldehyde240).  Acetaldehyde24i  and  chloral242  are 
reported  to  undergo  3 -condensation  with  methyl  isobutyl  ketone.  Con¬ 
densation  of  benzaldehyde  with  2-heptanone  (concentrated  hydrochloric 
acid  catalyst)  produced  91%  3-condensation  and  9%  l-condensation.2^8 
It  is  likely  that  small  percentages  of  1 -condensation  accompany  many 
examples  of  reported  3-condensation.  Gas-liquid  chromatography  and 
nuclear  magnetic  resonance  spectra  would  aid  in  assay  of  condensation 
mixtures,  but  until  recently,  they  have  not  been  extensively  employed  for 
this  purpose. 83 

Synthesis  of  ^-ketols  of  known  structure  (including  those  derived  by 
3-condensation  from  methyl  ketones)  may  be  achieved  by  decarboxylation 
of  a  /5-keto  ester  at  pH  7  (phosphate  buffer,  25°,  several  days)  in  water  or 
aqueous  methanol,  presumably  to  generate  the  required  ketone  enol 
intermediate  which  condenses  with  the  aldehyde  present  (Schopf 
condensation).^®’  ^^4 

RCHO  +  R'C0CH(R")C02H  >  RCHOHCH(R'')COR' 

The  course  of  the  base-catalyzed  condensation  of  aldehydes  with  un- 
symmetrical  ketones  is  much  more  responsive  to  reaction  conditions 
which  influence  the  condensation  (solvent,  catalyst,  temperature)  than  is 
the  acid-catalyzed  reaction.  The  reaction  sequence  is  in  some  ways 
similar  to  that  of  the  acid-catalyzed  reaction,  but  relative  rates  for  the 
steps  are  different. 4®’  42  The  rate-determining  step  with  either  catalyst 
is  usually  the  condensation  step,^®’  28-  245.  246  the  dehydration  step  in 
the  base-catalyzed  reaction  is  much  slower  and  more  easily  reversed 
(relative  to  the  condensation  step)  than  in  the  acid-catalyzed  reaction®®’  ^® 
(see  p.  10).  Ketols  are  frequently  produced  in  the  base-catalyzed  reaction, 
especially  under  mild  conditions. 

238  c.  V.  Gheorghiu  and  B.  Arwentiew,  J.  Frakt.  Chem.,  [2]  118,  295  (1928). 
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C.  V.  Gheorghiu  and  B.  Arwentiew,  Bull.  Soc.  Chim.  France,  [4]  47,  195  (1930). 
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CHg^CCHgR  +  H2O 

(*)0 

14 

(Eq.  10a) 

CH3C=CHR  +  HgO 

0© 

15 

(Eq.  10b) 

-  R'CHOHCHgCOCHgR 

16  (1-Condensation  ketol  =  1-K) 

(Eq.  11a) 

^  R'CH0HCH(R)C0CH3 

17  (3-Conden3ation  ketol  =  3-K) 

(Eq.  11b) 

-  R'CH=CHC0CH2R  +  H2O 

18  (l-Condensation  unsaturated  ketone  =  1-U) 

(Eq.  12a) 

-  R'CH=C(R)C0CH3  +  H2O 

(Eq.  12b) 

19  (S-Condenaation  unsaturated  ketone  =  3-XJ) 


The  composition  of  the  equilibrium  mixture  of  methyl  alkyl  ketone- 
derived  enolate  anions  14  and  15  is  affected  by  the  solvent  and  by  the 
structure  of  the  ketone.  It  is  pertinent  to  attempt  an  evaluation  of  the 
composition  of  this  mixture  in  order  to  interpret  the  composition  of  aldol 
condensation  product  mixtures.  Few  systematic  studies  of  such  enolate 
compositions  have  been  made  for  protic  solvents  (water,  ethanol)  which 
are  commonly  employed  in  most  aldol  condensations.^^®^-^^  Direct 
measurements  of  enolate  composition  in  1,2-dimethoxyethane  (quenching 
in  deuterium  oxide-deuterioacetic  acid)  indicate  a  stability  order 
W-C4H9CH 


=CCH3  >  w-C4HyCH2C=CH2;^®' the  amount  of  more 
O®  0® 


highly  substituted  enolate  at  equilibrium  (58-87%)  depends  on  the 
cation  and  the  solvent.  A  more  highly  branched  alkyl  group  favors  the 
less  highly  substituted  enolate  (67-82%  14  when  R  =  CaH^-i).^-  24? 
The  more  highly  substituted  enolate  derived  from  2-methylcyclopentanone 
and  2-methylcyclohexanone  is  the  more  favored.^®-  247-248c  Alkylation 


C.  Rappe,  Acta  Chem.  Scand.,  20,  376,  1721,  2236,  2305  (1966). 

J.  Warkentin  and  O.  S.  Tee,  Chem.  Commun.,  190  (1966);  J.  Am.  Chem.  Soc.,  88,  5540 

( 1966). 

A.  A.  Botlmer-By  and  C.  Sun,  J.  Org.  Chem.,  32,  492  (1967). 

H.  O.  House,  Record  Chem.  Progr.,  28,  98  (1967). 

D.  Caine,  J.  Org.  Chem.,  29,  1868  (1964). 

(19T6^)*^  Subrahmanyam,  S.  K.  Malhotra,  and  H.  Ringold,  J.  .4m.  Chem.  Soc.,  88,  1332 

2!!!  and  B.  M.  Trost,  J.  Org.  Chem.,  31,  646  (1966). 

.  Came  and  B.  .J.  L.  Huff,  Tetrahedron  Letters,  4695  (1966). 


34 


ORGANIC  REACTIONS 


of  equilibrated  methyl  n-alkyl  ketone  enolates  favors  attack  on  the  more 
highly  substituted  enolate,^.  247.  249-251  does  Michael  additiond^-  252-254 
(With  non-methyl  unsymmetrical  acyclic  ketones,  alkylation  occurs 
preferentially  on  the  less  highly  substituted  enolate,^®’  250  agreement 
with  the  findings  for  the  composition  of  the  enolate.^^.  45) 
contents  of  pure  2-butanone  (0.012%)  and  other  methyl  alkyl  ketones 
have  been  found  to  be  greater  than  that  of  acetone  (0.00015%).255-257 
(The  enol  contents  of  the  pure  liquids  parallel  the  values  in  alcohol  and 
water.249'  256.  258.  259)  These  considerations  all  suggest  that  for  methyl 
w-alkyl  ketones  in  all  solvents  the  more  highly  substituted  enolate  is  the 
more  stable. 2^®*^-^’  26O.  261  [The  greater  rate  of  proton  removal  (in  water) 
from  isobutyraldehyde  relative  to  acetaldehyde  (corrected  factor  ca. 
6.7), 2®  combined  with  the  predicted  slower  C-protonation  rate  for 
isobutyraldehyde  enolate  relative  to  that  of  acetaldehyde  enolate,^®-  248a 
suggests  the  stability  order:  (CH3)2C=CHO®  >  CH2=CHO®.] 

The  composition  of  the  equilibrium  mixture  16  and  17  (1-ketol  and 
3-ketol)  is  determined  by  several  factors  which  are  difficult  to  assess 
quantitatively  but  may  be  expressed  in  terms  of  equilibrium  constants 
(Eq.  13).  [In  weakly  basic  media  an  additional  equilibrium  exists  between 
enolate  ion  and  enol,  which  favors  3-condensation.246a-cj  The  more 

[I'ketol]  _  Tv  10a 11a  (Eq  13) 

[3-ketol]  iv^bT^iob 

highly  substituted  enolate  anion  15  leads  to  the  3-condensation  ketol 
with  simple  aldehydes  and  ketones  (R,  R'  =  CHg,  w-alkyl);  that  is,  the 
ratio  [l-ketol]/[3-ketol]  appears  to  be  determined  principally  by  the  relative 
concentrations  of  the  ketone  enolate  ions  and  enols.  When  R  (in  the 
aldehyde)  and  particularly  R  (in  the  ketone)  both  become  large,  branched, 
and  bulky  alkyl  groups  (i-butyl,  heptyl,  etc.),  1 -condensation  ketol  is 
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favored  for  two  reasons:  bulky  groups  facilitate  cleavage  of  17  to  react- 
ants,^°-  relative  to  16;  and  the  less  highly  substituted  enolate 

anion  becomes  more  stable  as  R  in  the  ketone  becomes  more  branched  and 
bulkier.^^’ 

The  composition  of  the  product  at  the  a,/? -unsaturated  ketone  stage 
(18  =  1-U  and  19  =  3-U)  introduces  a  third  pair  of  equilibria,  Eqs.  12a 
and  12b  (actually,  two  steps  are  involved  in  the  ketol  ->  unsaturated 
ketone  transformation;  see  p.  5).  It  is  known  that  more  vigorous 
reaction  conditions  favor  unsaturated  ketone  and  also  often  result  in  an 
increase  in  the  total  percentage  of  1 -condensation  products  (1-K  and  1-U). 
It  has  been  established  in  certain  examples  that  retrogression  of  17  to 
reactants  may  be  favored  over  dehydration  (e.g.,  19  is  not  produced 
from  17  in  basic  medium  when  R'  =  CgH^,  R  =  CHg,  whereas  under  the 
same  conditions  16  dehydrates  to  18  when  R'  =  CgHg,  R  =  H).^®  In 
another  example,  the  sodium  hydroxide-catalyzed  condensation  of 
benzaldehyde  with  phenylacetone  favors  1 -condensation.^®^  The  favored 
enolate,  CgHgCH=C(CH3)0®,  would  lead  to  20,  but  retrogression  of  20 
to  reactants  occurs  faster  than  dehydration  and  21  is  not  formed.  Less 
favored  ketol  22  dehydrates,  effectively  irreversibly,  to  yield  the  product 


CgHgCHO 

+ 

CHgCOCHgCgHg 


C6H5CH0HCH(C6H5)C0CH3 


20 


-HaO 
very  slow 


;CeH5CHOHCH,COCH,C„H 


CgH5CH=C(CgHg)COCH3 

21 


-H,0 


22 


fast 


CgHgCH^CHCOCHaCOCgHg 

23 

23.  In  contrast,  the  piperidine-catalyzed  condensation  of  aldehydes 
with  phenylacetone  produces  condensation  on  the  methylene  group. 265-26? 
It  is  known  that  a-substituents  favor  ^,y  unsaturation  in  ketones  at 
equilibrium, 142  again  suggesting  the  a,/5  form  18  (1-U)  to  be  the  most 
stable.  ^  It  appears  likely  that  >1.  The  ratio  of  unsaturated 

ketone  products  is  given  by  Eq.  14. 


Li-UJ 


_  ^ioa^iia^i2a 


[3-U]  - 

'*3  147  (1955). 

G  GolH  "  Chem.  Soc.,  78,  3804  (1956). 

2«5  J  ^  and  G.  Knopfer,  Monatsh.,  18,  437  (1897). 

I.  M.  Heilbron  and  F.  Irving,  J.  Chem.  Soc.,  931,  936  (1929). 
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Table  I  summarizes  the  known  condensations>«  (solvent  water,  ethanol 
or  aqueous  ethanol  in  most  eases)  of  aldehydes  with  methyl  ketones  to 
form  ketol  and  a./S-unsaturated  ketone  products.  Only  formaldehyde 

Ketol  and  «,/5.Unsatueated  Ketone 


WITH  Methyl 

1  3 

Ketones  (CH3COCHRR' 

1  3 

and  CH3COCH2R) 

Principal  Product 

Aldehyde 

Ketone 

3-Condensation 

Formaldehyde 

All 

Acetaldehyde 

All  except  methyl 
isobutyl  and 
neopentyl  ketones 

n-Alkanals, 

CH3(CH2)„CHO*-t 

2-Butanone 

1-  and  3-Condensation 

Possible  with  all; 

2-Butanone  and 

mixture 

ratio  depends  on 
reaction  conditions 

2-pentanone 

Acetaldehyde 

Methyl  isobutyl 
ketone 

1  -  Condensation 

All  having  one  or  no  a 

All  except  2-butanone 

hydrogen  atoms 
(ArCHO,  R3CCHO, 
RgCHCHO)  except 
formaldehyde 

and  phenoxyacetone 

*  Examples  studied:  n  =  0—7,  with  2-butanone  only, 
f  3-Methylbutanal  produces  3 -condensation  w'ith  2-butanono.^^^ 


and  acetaldehyde  give  appreciable  amounts  of  3-condensation  with  all 
ketones;  the  lower  concentration  of  base  required  resulting  in  higher 
concentration  of  enol  would  favor  3-condensation.  2-Butanone  is  the 
only  ketone  reported  to  yield  substantial  amounts  of  3-condensation  with 
all  aldehydes  (an  exception  is  phenoxyacetone^^®).  Little  is  known  about 
the  products  of  condensation  of  w-alkanals  above  acetaldehyde  with 
methyl  n-alkyl  ketones,  other  than  2-butanone.  Although  acetaldehyde 
produces  ketols  derived  from  3-condensation  with  2-butanone2®®  and  2- 
pentanone^^®  under  mild  conditions,  more  vigorous  conditions  lead  to  a 
mixture  of  a,/9-unsaturated  ketones  formed  by  1-  and  3-condensation.2'^i 
Formaldehyde  and  acetaldehyde  produce  3 -condensation  ketols  with 
methyl  isopropyl  ketone,  but  chloral,  2-ethylbutanal,  and  various 
benzaldehydes  and  furfurals  yield  the  a,/9-unsaturated  ketones  derived 

***  R.  Stoermer  and  R.  Wehln,  Ber.,  35,  3549  (1902). 

***  J.  E.  Dubois  and  R.  Luft,  Compt.  Rend.,  238,  485  (1954). 

J.  Colonge,  Bull.  Soc.  Chim.  France,  [4]  41,  325  (1927). 

R.  Heilmann,  G.  de  Gaudemaris,  and  P.  Arnaud,  Compt.  Rend.  240,  1542  (1955). 
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from  1-condensation  273  butanal  produces  a  mixture  of  1-  and  3- 
condensation  ketols  (principally  1 -condensation)  and  an  a,^-unsaturated 
ketone  (1 -condensation)  with  methyl  isopropyl  ketone.  rorna  ic 

aldehydes  produce  a,i5-unsaturated  ketones  formed  by  1 -condensation. 
However,  when  the  reaction  is  stopped  at  the  ketol  stage,  some  3-con¬ 
densation  products  may  be  isolated.  For  example,  ^p-nitrobenzaldehyde 
and  2-butanone  lead  to  some  3-condensation  ketol  under  mild  con- 
ditions.^®’ Isobutyraldehyde  with  2-butanone  produces  a  55:45  ratio 
of  1-  to  3-condensation  unsaturated  ketone  with  aqueous  base,  but  with 
ethanolic  sodium  ethoxide  the  proportion  is  increased  to  85: 
with  2-heptanone,  isobutyraldehyde  produees  1 -condensation  ketol  and  a 
trace  of  3-condensation  isomer  (ethanolic  potassium  hydroxide). 
Except  as  outlined  above,  the  majority  of  reported  examples  of  base- 
catalyzed  condensations  of  aldehydes  with  methyl  ketones  lead  to  1- 
condensation  product,  due,  in  part,  to  the  favored  retrogression  of 
3-condensation  ketol  to  reactants. 

Formation  of  either  a, a  or  a,a^  6is-condensation  products  seldom  occurs 
in  reactions  of  unsymmetrical  methyl  ketones,  with  the  exception  of 
formaldehyde  condensations.  2-Butanone  occasionally  forms  6i5-con- 
densation  products  with  certain  aromatic  aldehydes  especially  in  the 
presence  of  acid  catalysts.^^® 

The  preceding  discussion  relates  to  aldol  condensations  conducted 
principally  in  protic  solvents  under  equilibrating  conditions.  Use  of 
enolates  formed  under  kinetically  controlled  conditions  would  introduce 
versatility  into  aldol  condensation  syntheses,  because  the  enolates  derived 
from  methyl  ketones  would  be  the  less  highly  substituted  isomers  (14).^^ 
Few  suceessful  aldol  condensations  have  been  reported  which  employ 
enolates  derived  from  ketones  under  non-equilibrating  conditions. 213 
No  examples  involving  methyl  ketones  are  known.  However,  what 
appear  to  be  successful  acylations,®- 43-45  alkylations,43-45  ^nd  carbon- 

ations^’s  of  such  enolates  have  been  described.  (Enol  esters  formed  by 
0-acylation  are  believed  to  be  precursors  of  C-acylation  products.45) 
Another  apparently  unexplored  possibility  is  the  use  of  preformed  acyclic 
ketone  enamines  (which  have  the  less  substituted  structure®^)  in  an  aldol 

condensation. 33a.  34 

a,/9-Unsaturated  ketones  are  readily  obtained  by  heating  ketols 
(having  a  hydrogen  atom  a  to  the  carbonyl  group)  with  an  acid  catalyst 


273  n  Chem.  Soc.,  76,  5156  (1954), 

G.  B.  Marcas.  A.  M.  Municio,  and  S.  Vega,  Anales  Heal  Soc.  Espan.  Fis.  Quim  ( Madrid) 
Ser.^B,  60,  639  (1964)  [C.A.,  63,  1726  (1965)].  rts.vmm.  (Madrid), 

275  t’  J.  Am.  Chem.  Soc.,  66,  372  (1944). 

R.  Levme  and  C.  R.  Hauser.  J.  Am.  Chem.  Soc.,  66,  1768  (1944). 
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such  as  iodine  or  oxalic  acid;i«-  274  yj^ids  are  excellent  except  with 
ketols  which  dissociate  readily  on  heating  (those  in  which  R'  is  a  large 
group). 

RCHOHCHR'COR"  — — >  RCH=C(R')COR'  +  HoO 

Heat  '2 


Condensation  of  Aldehydes  with  Alicyclic  Ketones 

Cyclopentanones  and  cyclohexanones  condense  with  formaldehyde 
with  basic  catalysts  to  give  mono-,  unsymmetrical  bis-  and  tetra-methylol 
compounds.2’6-278  Acetaldehyde  behaves  similarly  with  cyclopenta- 
none.2’9  Paraformaldehyde  in  dimethyl  sulfoxide  containing  boron 


V^C 

o 

n  =  1,  2 


CHgOH 


(H2C),rA 

HOCH27  VCH2OH 
H0CH2^^  CH2OH 


trifluoride  etherate  undergoes  a,  or  vinylogously  a,  condensation  with 
steroid  ketones.^®®  a-Methylenecycloalkanones  are  conveniently  pre¬ 
pared  by  pyrolysis  of  the  Mannich  base  hydrochlorides.^®^  w-Alkanals 
(>^2)  principally  1:1  condensation  products  with  cycloalkanones, 

but  the  yields  are  low.^®^“^®®  Mild  conditions  (low  temperature, 


R  =  alkyl,  n  >  0 


aqueous  ethereal  sodium  hydroxide)  are  required  to  minimize  self¬ 
condensation  of  the  aldehyde.  ChloraP®’  and  2-ethylbutanal,^®® 
which  do  not  readily  undergo  self-condensation,  may  be  subjected 


H.  Gault  and  J.  Skoda,  Bull.  Soc.  Chim.  France,  [5]  13,  308  (1946). 

2”  H.  Gault  and  E.  Steckl,  Compt.  Rend.,  207,  475  (1938). 

C.  Mannich  and  W.  Brose,  Ber.,  56,  833  (1923). 

279  J.  Skoda,  Bull.  Soc.  Chim.  France,  [5]  13,  327  (1946). 

2*0  W.  H.  W.  Lunn,  J.  Org.  Chem.,  30,  2925  (1965). 

2*1  M.  Miihlstadt,  L.  Zach,  and  H.  Becwar-Reinhardt,  J.  Prakt.  Chem.,  29,  158  (1965). 

2*2  C.  E.  Garland  and  E.  E.  Reid,  J.  Am.  Chem.  Soc.,  47,  2333  (1925). 

2*2  P.  Lambert,  G.  Durr,  and  G.  Millet,  Compt.  Rend.,  238,  251  (1954). 

2*4  1.  V.  Machinskaya  and  B.  V.  Tokarev,  Zh.  Obshch.  Khim.,  22,  1163  (19o2)  [C.A.,  47, 

160  (1953)]. 

2*s  G,  Vavon  and  V.  M.  Mitchovitch,  Bull.  Soc.  Chim.  France,  [4]  45,  961  (19-9). 

2*«  O.  B.  Edgar  and  D.  H.  Johnson,  J.  Chem.  Soc.,  3925  (1958). 

2*2  F.  Caujolle,  P.  Couturier,  and  C.  Dulaurans,  Bull.  Soc.  Chim.  France,  19  (1950). 

2**  H.  A.  Bruson,  U.S.  pat.  2,395,453  [C.A.,  40,  3467  (1946)]. 
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to  more  vigorous  reaction  conditions  to  yield  1:1  products.  Rel¬ 
atively  few  symmetrical  (a, a')  ^^-condensation  products  have  been 
reported  from  condensations  of  aliphatic  aldehydes  with  cycloalka- 
nones.2’®'  286.  289.  290  Enamines  derived  from  cyclopentanone  condense 
with  alkanals  in  boiling  benzene  to  give  a-alkylidenecyclopentanones  in 
good  yield. 

Many  examples  of  condensations  of  aromatic  aldehydes  with  alicyclic 
ketones  are  known.  To  obtain  1 : 1  products  an  excess  of  ketone  is  often, 
but  not  always,  employed  with  mild  conditions  (dilute  aqueous  sodium 
hydroxide  at  room  temperature  or  under  reflux29i-297).  Sodium  t- 
amyloxide  in  toluene  at  temperatures  below  0°  is  an  effective  catalyst 
for  producing  1 : 1  condensation  products.^®^  Ketols  or  a,/5-unsaturated 
ketones  may  be  obtained,  relatively  milder  conditions  favoring  ketols. 
Or<Ao-substituted  aromatic  aldehydes  and  aldehydes  with  electron¬ 
releasing  groups  such  as  alkyl  and  methoxyl  more  readily  produce  1 : 1 
products.2®i’ 293. 298-302  Eqj.  example,  o-tolualdehyde  condenses  with 
cyclohexanone  in  boiling  aqueous  potassium  hydroxide  to  produce  71% 
of  1:1  a,/3-unsaturated  ketone. Aqueous,  rather  than  ethanolic, 
alkali  favors  1 : 1  condensation. 29i'  303  Acid  catalysts  favor  formation  of  a 
conjugated  endocyclic  double  bond  with  cyclohexanones  and  cyclo- 
pentanones,  whereas  basic  catalysts  favor  formation  of  the  normal 
arylidene  derivative. A  number  of  reported  1 : 1  condensation  prod¬ 
ucts,  obtained  in  the  presence  of  acid  catalysts  and  described  as  arylidene 
cycloalkanones,  may,  in  fact,  be  the  isomers  having  an  endocyclic  double 
bond. 


’***  A.  Roedig  and  S.  Schodel,  Chem.  Ber.,  91,  320  (1958). 
R.  Mayer,  Chem.  Ber.,  88,  1853  (1955). 
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CgHjCHO  + 


HCl 

- > 


With  2  mole  equivalents  of  aromatic  aldehyde  and  ethanolic  sodium 
hydroxide  or  ethoxide  catalyst,  good  to  excellent  yields  of  ftis-condensa- 
tion  products  are  uniformly  obtained  with  cyclopentanone,  cyclohexanone, 
and  cycloheptanone.^®^’  The  reactivity  of  the  ketone  appears  to 
decrease  as  ring  size  increases.  Yields  with  cyclooctanone^®®’  and 
higher  cycloalkanones^®®  are  low.  Substituted  cycloalkanones  (exclusive 
of  those  substituted  in  the  2-  or  3-position)  behave  in  the  same  fashion  as 
unsubstituted  ones.  By  starting  with  a  monoarylidene  cycloalkanone. 


2ArCHO  + 


NaOH 


(HjC),!"!, 

_ ArCH=(  ^CHAr 

C-^HsOH  Y 

o 


Ar  =  aryl,  w  >  0 


condensation  with  a  different  aldehyde  can  lead  to  unsymmetrical  bis- 
arylidene  cycloalkanones^®^  (Table  XIV). 

4-  Ar'CHO  - 

ArCH=C^  ^  ^  ArCH=C/^CHAr' 

0  O 

Ar,  Ar'  =  aryl,  n  >  0 


0-Phthalaldehyde  condenses  with  medium-  and  large-ring  cycloalkan¬ 
ones  to  yield  tricyclic  6i5-ketols  which  may  be  dehydrated  to  cyclohep- 
tatrienones.®®® 


305  F.  Mattu,  Rend.  Seminario  Fac.  Sci.  Univ.  Cagliari,  32,  230  (1962)  \C.A.,  63,  17935 
( 1965)]. 

F.  Mattu  and  M.  R.  Manca-Mura,  Rend.  Seminario  Fac.  Sci.  Univ.  Caghan,  34,  286 

(1964)  [C.A.,  63,  13126  (1965)].  w  ■  T 

30’  E.  A.  Braude,  W.  F.  Forbes,  B.  F.  Gofton,  R.  P.  Houghton,  and  E.  S.  Waight,  J. 
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n  =  4-8,  12 


Nitromalonaldehyde  condenses  with  cycloalkanones  to  produce  meta- 
methylene  bridged  bicyclic  p-nitrophenol  derivatives  when  the 

methylene  bridge  is  too  small  {n  <  6),  a  non-planar  cyclohexadienone 
tautomer  is  favored.^^^  Although  cyclobutanone  has  been  condensed 


[®OjN=C(CHO)jNa®  +  (CH^)^ 


c=o 


NaOH 

- >- 

Aq.  CjHjOH 


n  =  6-18 


^^^2)5 

with  acetone, 180  no  reports  of  its  condensation  with  aldehydes  have  yet 
appeared. 

Camphor  and  other  bicyclic  ketones  produce  a,/?-unsaturated  ketones 
with  basic  catalysts.  Many  aldehydes  have  been  condensed  with  camphor 
m  the  presence  of  sodium  or  sodium  amide  in  ether.8i3-3i5  Ethanolic 
hydrogen  chloride-catalyzed  condensation  of  benzaldehyde  with  nopinone 
or  verbanone  caused  ring  opening  to  produce  a  chlorinated  6is-con- 
densation  product,  whereas  sodium  ethoxide  led  to  the  normal  M 

product.818 


m  V  30,  1465  (1947). 

V.  Prelog,  K.  wisner^n?  ^^^5  (1948). 

(1951).  ’  °  Haflmger,  CollecHon  Czech.  Chem.  Commun..  15.  900 
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O.  Wallach.  Ann.,  437,  187  (1924). 
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0 


CH 

CH, 


CH3  +  aH.CHO 


HCl 


CjHjOH 


O 


Conjugated  cycloalkenones  may  undergo  condensation  in  the  y- 
position  with  basic  catalysts.  Carvone  and  menthenone  condense  with 


2  mole  equivalents  of  benzaldehyde.®^®”*^®  3-Methyl-2-cyclohexen-l- 
one,®^^  3,5-dimethyl-2-cyclohexen-l-one,®2i  isophorone,^^^”^^^®  and  piper- 
itone®^^  condense  with  benzaldehyde  at  the  3-methyl  group  only  (ethanolic 
sodium  ethoxide  catalyst).  Evidently  the  most  stable,  non-cross- 
conjugated,  unsaturated  ketone  is  the  favored  product  of  these  con¬ 
densations. 


CgHjCHO  + 


NaOCzHs 
CjHjOH  ^ 


C’ HX‘H=CH 


R,  R'  =  H  or  alkyl 


Anhydroacetonebenzil  (3,4-diphenyl-4-hydroxy-2-cyclopenten-l-one), 
which  does  not  dehydrate  to  a  stable  cyclopentadienone  (see  page  25), 
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333  G.  R.  Ensor  and  W.  Wilson,  J.  Chem.  Soc.,  4068  (1956). 

332a  G.  Kabass,  Tetrahedron,  22,  1213  (1966). 
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condenses  with  aromatic  aldehydes  in  the  5-position^^^  with  ethanolic 
potassium  hydroxide. 


OH 


OH 


+  ArCHO 


KOH 


CjHsOH 


CHAr 


1,2-Cycloalkanediones  condense  with  2  mole  equivalents  of  aromatic 
aldehyde  in  the  presence  of  piperidine  to  yield  6i5-/9,/9'-N-piperidyl 
derivatives,  which  form  6i5-a,/S-unsaturated  ketones  when  heated  with 
methanolic  acetic  acid.^^®"^^^ 


ArCHNCjHio 


.CH, 


{CH2)„ 


CO 


+  2  ArCHO 


'CH, 


Ar 


(tnxc.H 


,C=CHAr 

CH,COaH  /  CO 
->  (CH2)„  I 
CO 

/ 

'C=CHAr 


5^^10 


1.3- Cyclohexanedione328  and  derivatives,  such  as  dimedon  (5,5-dimethyl- 

1.3- cyclohexanedione),  form  2,2' -bis  derivatives  useful  for  characterizing 

aldehydes .  ^^*“233 


Few  “ndensations  of  aldehydes  with  1 ,4-eyclohexanedione  have  been 
deLativ’e  in  DOo/yila 
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::: "  rr  sr(i?57 " i"^53\934  (i95sn 

330  „  ^  Chem.  Soc.,  1371  1948) 

VKvir  Chem.  Ber.,  91,  374  (1958). 

D  V^  H  51*  380  (1957)  [C..4  51  9502  MQ^Tn 

333  D  V  I''  309.  356  (1900).  ’ 

334  F  Strauss,  Ann.,  309.  375  (1900). 

F.  Mattu,  Ch^m^ca  (Milan),  38.  3  (1962)  [C.A..  61.  16025  (1964)]. 
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Non-aromatic  heterocyclic  ketones  (e.g.,  tetrahydro-y-pyrone,  4- 
piperidone)  generally  appear  to  behave  like  their  carbocyclic  analogs  in 
condensation  reactions  (Table 


Condensation  of  Aldehydes  with  Alkyl  Aryl  Ketones 

Relatively  few  aliphatic  aldehydes  other  than  formaldehyde  have  been 
condensed  with  alkyl  aryl  ketones.^’’  Yields  in  the  reactions  of  methyl 
aryl  ketones  with  aliphatic  aldehydes  are  uniformly  poor.  No  general 
procedure  has  been  developed  for  securing  good  yields  in  these  reactions ; 
the  use  of  enamines  or  non-equilibrating  enolates  has  not  been  explored 
(see  p.  37).  The  Wittig  reaction^®  might  be  applicable. 

The  condensation  of  formaldehyde  with  acetophenone  has  been  studied 
in  some  detail;^”®’  the  best  yield  of  the  ketol,  3-hydroxy- 1 -phenyl- 1- 
propanone,  was  25%  obtained  with  aqueous  sulfuric  acid  catalyst. ^^5 

H  SO  H  O 

CfiH.COCH,  -f  HCHO  '  '  ->  CeH-COCHaCHgOH 

®  ^  ^  90°,  7  hr. 


Basic  ion-exchange  resin  Amberlite  IRA  400  at  40-45°  gave  a  40%  yield 
of  ketol  from  formaldehyde  and  propiophenone,^^’  whereas  potassium 
carbonate  gave  only  16-19%.^^® 

Methylanilinomagnesium  bromide,  although  unsuitable  for  aromatic 
methyl  ketone  condensations  (principally  because  of  ketone  and  aldehyde 
self- condensation)  is  a  catalyst  of  general  utility  for  condensing  aliphatic 
and  aromatic  aldehydes  with  higher  homologs  of  acetophenone  to  yield 
ketols.i’’  Ketols  have  been  obtained  in  the  following  condensations 
(yields  in  parentheses):  isobutyraldehyde  with  propiophenone  (83%), 
hexanal  with  butyrophenone  (40%),  and  acetaldehyde  with  valerophenone 
(50%).!’’ 


CeHjCOCHaR  +  R'CHO 


CgH5N(CH3)MgBr^ 
(C2H5)20,  CgHg 


C6H5C0CH(R)CH0HR' 


R  H 


334a  N.  Barbulescu  and  C.  Greff,  Rev.  Chim.  (Bucharest).  17,  202  (1966)  [C.A.,  85,  8869 

/I  Q A 

83S  M.  G.  J.  Beets  and  L.  G.  Heeringa,  Rec.  Trav.  Chim.,  74,  1085  (1955). 

83«  R.  C.  Fuson,  W.  E.  Ross,  and  C.  H.  McKeever,  J.  Am.  Chem..Soc.,  60,  2935  (1938). 
»3’  S.  Yamada,  I.  Chibata,  and  H.  Matsumae,  Ann.  Rept.  Gohei  Tanabe  Co.,  Ltd.,  1,  20 

(1956)  [C.A.,  51,  6546  (1957)]. 
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In  sharp  contrast  to  the  paucity  of  aliphatic  aldehyde  condensations 
a  very  large  number  of  condensations  of  substituted  benzaldehydes  with 
acetophenone  and  substituted  acetophenones  (Table  XVII)  to  yield 
chalcones  are  known.338-3«  Many  heterocyclic  aldehydes  have  been 
condensed  with  acetophenones.  The  initial  studies  of  Claisen  (1881-1889) 
were  extended  by  v.  Kostanecki  (1896-1900).  Ethanolic  sodium  hydroxide 
or  sodium  ethoxide,  at  room  temperature  or  below,  generally  leads  to 
chalcones  in  good  to  excellent  yields,  with  few  side  reactions.  Only 


NaOH,  C2H5OH 

ArCHO  +  CHgCOAr'  ^  —  ArCHOHCHgCOAr' 

ArCHOHCHgCOAr'  - ArCH=CHCOAr'  +  HgO 

occasionally  are  ketols  obtained.  Acid  catalysts  are  seldom  employed 
and,  except  with  certain  phenols  and  phenol  esters,  appear  to  offer  few 
advantages.  Hydrogen  chloride  is  useful  for  the  condensation  of 
aromatic  aldehydes  with  n-alkyl  aryl  ketones  to  produce  ^d-chloroketones 
which,  on  heating  or  treatment  with  base,  yield  a-aUcyl  chalcones. 3^2-346 

HCl,  then 
heat  or  base 

ArCHO  +  RCHgCOAr' - >►  ArCH=C(R)COAr'  +  HgO 

R  =  alkyl 


Substituents  in  the  aldehyde  or  ketone  generally  appear  to  affect 
equilibrium  yields  of  chalcone  in  the  same  manner  for  acid-  or  base- 
catalyzed  reactions;  electron-withdrawing  substituents  provide  higher 
yields  than  electron-releasing  ones.  Rather  poor  yields  of  chalcone  are 
sometimes  realized  (acid  or  base  catalysis)  with  electron-releasing  groups 
such  as  alkoxy,  amino,  and  hydroxy.3i' 338,  346-351  reactions  may 

ensue  with  hydroxy  compounds.  Primary  amino  groups  form  SchiflF 
bases,  but  this  difficulty  may  be  circumvented  by  employing  the  acetamido 


M.  Vandewalle,  Ind.  Chim.  Beige,  26,  345  (1961);  a  review  of  chalcone  preparations. 
F.  M.  Dean  and  V.  Podimuang,  J.  Chem.  Soc.,  3978  (1965). 

P.  Mahanty,  S.  P.  Panda,  B.  K.  Sabata,  and  M.  K.  Rout,  Indian  J.  Chem  3  121 
(1965). 

Y.  S.  Agasimundin,  S.  D.  Jolad,  and  S.  Rajagopal,  Indian  J.  Chem.,  3,  220  (1965). 

E.  P.  Kohler,  Am.  Chem.  J.,  31,  642  (1904). 

L.  I.  Smith  and  L.  I.  Hanson,  J.  Am.  Chem.  Soc.,  57,  1326  (1936). 

R.  D.  Abell,  J.  Chem.  Soc.,  79,  928  (1901). 

R.  D.  Abell,  J.  Chem.  Soc.,  2834  (1963). 

and  T.  R.  Seshadri,  Proc.  Indian  Acad.  Sci.,  20A,  274  (1944) 
[C.A.,  39,  4609  (1945)].  ’ 

J.  S.  Buck  and  I.  M.  Heilbron,  J.  Chem.  Soc.,  121,  1095  (1922). 
m  Clinton,  J.  Am.  Chem.  Soc.,  68,  697  (1946). 

^  C/kem.  Soc.,  77,  6667  (1965). 

W.  Davey  and  J.  R.  Gwilt  J.  Chem.  Soc.,  1008  (1967). 

D.  S.  Noyce  and  W.  A.  Pryor.  J.  Am.  Chem.  Soc.,  81,  618  (1969). 
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derivatives  which  can  subsequently  be  hydrolyzed.  For  hydroxy- 
substituted  benzaldehydes  the  best  base-catalyzed  procedure  appears  to 
be  the  use  of  aqueous  ethanolic  sodium  hydroxide  at  25-60°  for  a  few 
hours.348-  352.  353  rj^he  benzoates  of  hydroxy  compounds  with  hydrogen 
chloride  in  ethyl  acetate  at  0°  gave  chalcones  in  good  yields.354-356 

There  is  a  difference  in  the  effect  of  substituents  in  benzaldehydes  on 
rates  for  the  condensation  step  (ketol  formation)  of  acid-  and  base- 
catalyzed  reactions.  For  the  acid-catalyzed  reactions  the  rate  is  mildly 
accelerated  by  electron-releasing  substituents.35i-  367, 358  base- 

catalyzed  reactions  the  rate  is  strongly  accelerated  by  electron-withdrawing 
substituents.3i-  349.  356-360  However,  yields  are  determined  by  the  various 
equilibria  involved.  The  rate  of  cleavage  of  the  intermediate  ketol, 
relative  to  the  rate  of  its  formation  and  dehydration  to  chalcone,  is  a 
matter  of  importance ;  electron-withdrawing  substituents  appear  to 
favor  dehydration  of  ketol  to  chalcone,  relative  to  retrogression  in  basic  or 
acidic  media.3^®'  35i  Thus  the  effect  of  substituents  on  equilibrium 
yields  of  chalcone  is  roughly  the  same  in  all  media.  Acid  catalysts  favor 
irreversible  dehydration  of  ketols  to  chalcones,  and  no  ketols  of  this  type 
have  been  isolated  from  acid  media.  Most  of  the  limited  number  of 
chalcone  precursor  ketols  that  have  been  isolated  have  been  obtained  in 
alkaline  medium,  under  mild  conditions,  with  reactants  having  electron- 
withdrawing  groups  (nitro,  halogen).  Several  ketols  have  been  prepared 
from  2-nitrobenzaldehyde  and  various  acetophenones,  employing  aqueous 
ethanolic  sodium  phosphate.36i  Additional  quantitative  work  is  needed 
in  this  area. 

Na  PO 

o-OgNCeH^CHO  +  CHgCOAr  c'h.oh  ^  o-OgNCeH^CHOHCHgCOAr 

A  variety  of  aromatic  ketones,  including  1-indanones,  l-tetralones,3®2 
aryl  acetyl3®3  compounds,  and  benzyl  aryl  ketones,  has  been  con¬ 
densed  with  various  aldehydes;  yields  are  generally  good  and  special 
conditions  are  not  required.  Heterocyclic  aromatic  ketones  behave  like 


T.  A.  Ellison,  J.  Chem.  Soc.,  1720  (1927). 

883  Davey  and  D.  J.  Tivey,  J.  Chem.  Soc.,  1230  (1958). 

***  A.  Russell  and  S.  F.  Clark,  J.  Am.  Chem.  Soc.,  61,  2651  (1939). 

A.  Russell  and  J.  Todd,  J.  Chem.  Soc.,  421  (1937). 

R.  P.  Barnes  and  J.  L.  Snead,  J.  Am.  Chem.  Soc.,  67,  138  (1945). 

T.  Sz611,  A.  M.  Eaatham,  and  G.  Sipos,  Can.  J.  Chem.,  42,  2417  (1964);  43,  2134  (1965). 
®®®  S.  M.  McElvain  and  R.  E.  McMahon,  J.  Am.  Chem.  Soc.,  71,  901  (1949). 

M.  Scholtz  and  L.  Huber,  Ber.,  37,  390  (1904). 

E.  A.  Walker  and  J.  R.  Young,  J.  Chem.  Soc.,  2041  (1957). 

I.  Tanasescu  and  A.  Baciu,  Bull.  Soc.  Chim.  France,  [5]  4,  1673  (1937). 

882  p,  Buu-Hoi  and  G.  Saint-Ruf,  Bull.  Soc.  Chim.  France,  424  (1965). 

s«3  j.’sam,  D.  W.  Alwan,  and  K.  Aparajithan,  J.  Heterocyclic  Chem.,  2,  366  (1965). 
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other  aromatic  ketones, except  certain  nitrogen-containing  examples 
which  give  best  yields  with  a  piperidine  catalyst  in  boiling  ethanol.^^s 
Condensations  with  most  heterocyclic  aldehydes  appear  to  proceed 

normally.363.  366.  369-372 


Intramolecular  Condensations 


It  is  convenient  to  discuss  the  intramolecular  aldol  condensations  of 
dialdehydes,  diketones,  and  ketoaldehydes  in  one  section.  The  intra¬ 
molecular  reaction  is  an  important  tool  for  synthesis  of  alicyclic  ketones 
and  aldehydes.  The  reactants  may  be,  and  often  are,  generated  in  situ 
from  such  intermediates  as  alcohols,  glycols,  acetals,  enamines,  Mannich 
bases  and  quaternary  salts  thereof,  and  vinyl  chlorides.  In  addition, 
the  Michael  condensation  is  an  important  route  to  1,5-diketones 
and  (5-ketoaldehydes,  which  need  not  be  isolated  before  cyclization 
(Robinson  annelation  reaction).  As  stated  in  the  introduction  to  this 
volume,  aldol  condensations  which  proceed  from,  to,  or  through  carbonyl 
precursors  or  derivatives  have,  with  certain  exceptions,  arbitrarily  been 
excluded  from  the  tabular  summary  of  this  review.  This  restriction 
limits  the  scope  of  the  following  discussion,  because  carbonyl  precursors 
are  often  employed  in  intramolecular  aldol  condensations  and  the  litera¬ 
ture  coverage  of  these  particular  reactions  is  incomplete. 

Dialdehydes.  The  intramolecular  condensation  of  alkane  a,co. 
dialdehydes  (chain  length  >  Cj)  generally  leads  to  alicyclic  a,/5-unsaturated 
aldehydes  under  mild  conditions  (acid  or  basic  catalysts).  Products 
having  rings  with  five,3’3-377  six,377.378  seven,^’^  fifteen,^®®  and  seven- 
teen38o  members  have  been  prepared  by  this  method.  More  vigorous 


Hemicara  TehnoL  Bosne  Hercegovine, 

12,  111  (1963)  [C.A.,  63,  18006  (1965)]. 

365  Vaysse  and  P.  Pastour,  Compt.  Rend.,  259  2865  (1964) 

1.  K-  Yur'ev.  Zh.  Or,.  Kkim.. 

(1966)”'““*’“''"^'’*"’“*'  -  -  P«-  23.907  (1965)  64,  3499 

***  P.  I.  Ittyerah  and  F.  G.  Mann,  J.  Chem.  Soc.,  467  (1958). 

*•*  J.  Koo,  y.  Pharm.  Sci.,  53,  1329  (1964). 

IZ  Siddappa,  Monatsh.  Chem.,  98,  625  (1965). 

372  n  o'  Siddappa.  Indian  J.  Chem.,  2,  413  (1964). 

13207  (l965)l."''““''"'‘  '■  1.  1279  (1965)  IC.A..  63, 

•”  B  ■  “h  ‘'b  V  T’  ’2’  *232  (1950). 

J.  B,  Brown,  H.  B.  Henbest,  and  E.  R.  H  Jones  7  o  ooo 

:::  ip-ow-o, 

•”  o’,  a'.  mTd.'  T.'  VT!  luclloyTim  '  "’**>• 

380  vr'  Monatsh.  Chem.,  34,  215  (1913). 

M.  Stoll  and  A.  Rouv6.  Helv.  Chim.  Acta,  20,  525  (1937). 
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basic  conditions  favor  formation  of  lactones  or  hydroxy  acids  (see  p.  60). 
The  preparation  of  larger  rings  (from  the  corresponding  acetals)  has  been 


_  H,0,  no  catalyst 

OCH(CH2)3CH(C3H7-n)CHO  — ^ ^ ^ 


115“ 


^HO 
C’aH.-n 


(C2H302C)2C(CH2CH2CH0j2 


NaOCjHj,  C2H5OH 
5-8“ 


> 


(C02C2H5)2 


CHO 


achieved  with  acid  catalysts;  high-dilution  conditions  were  employed  to 
prepare  macrocyclic  compounds.^®® 


(CH30)2CH  CH(0CH3)., 


CH2CH(0C2H5)2 

(CH2)i2 

CH(0C2H5)2 


A  cyclobutane  aldol  is  obtained  as  a  major  ozonolysis  product  of 

2-hydroxy-6-propyl-l,3,5-triethyl-3-cyclohexene-l-carboxaldehyde;  it  is 

derived  from  the  intermediate,  2,4-diethyl-3-propyl-l,5-pentanedial.^®^ 
The  buttressing  effect  of  adjacent  alkyl  groups,  as  well  as  poor  solvation  of 
the  intermediate  enolate  (or  enol),  may  facilitate  this  ring  closure  to  a 
four-membered  ring,  which  is  unique. 


C,H. 

C2H5 

1  2  o 

/ 

C3HXH— CHCHO 

^  HoO 

‘  ■>• 

n-C’aH^CH-C 

CHO 

C2H5CH-CHO 

C2H5CH— CHOH 

Piperidinium  acetate  catalyzes  cyclization  of  the  dialdehyde  24  to 
the  tetracyelie  aldehydes  25  and  26;’“  the  mechanisn.,  , evolving  an 


381  A.  T.  Nielson,  J.  Am.  Chem.  Soc.,  79,  2518  (1957). 

382  R.  B.  Woodward,  F.  Sondheimer,  D.  Taub,  K.  Heusler,  and 


W.  H.  McLamore,  d.  Am. 


Chem.  Soc.,  74,  4223  (1952). 
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enamine  intermediate,  has  been  discussed.®^  The  cyclization  may  also 
be  effected  by  heating  the  dialdehyde  in  water  at  145°,  whereby  the 
relative  amount  of  26  in  the  mixture  is  increased.®®^ 


+ 

25(66%)  26  (some) 


Self-condensation  of  2-ethyl-2-hexenal  leads,  by  Michael  addition,  to  an 
intermediate  dialdehyde  (27,  not  isolated)  which  is  cyclized  to  a  cyclo- 

principally  (99%)  in  the  configuration 

shown.®®’  3®!’  383 


2n-C3H7CH=C(C2H5)CHO 


KOH 


Aq.  CH,OH 


H 


P  oyed,  useful,  and  important  route  to  alicyclio  ^-ketols 


A.  T.  Nielsen,  J.  Org.  Chem.,  28,  2115 


(1963). 
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and  a,^-unsaturated  ketones.  Six-membered  rings  are  easily  formed.®®^-39i 
1  j^'I^iketones yield  cyclohexenones ;  1 ,7-diketones  yield  acylcyclohexenes. 


CH3C0(CH2)5C0CH3 


H^so^ 


'^COCH, 


CH, 


C6H5CH2COCH(CeH5)CH(C6H5)CH2COC6H5 


NaOCH 


3 


CgH 


CH3CH2C0(CH2)3C0CH2CH3 


Although  common  basic  and  acidic  catalysts  (sodium  ethoxide,  hydrogen 
chloride)  are  quite  effective  in  many  intramolecular  aldol  condensations, 
secondary  amine  catalysts  (pyrrolidine  and  piperidine)  often  give  out¬ 
standing  results^®^  under  mild  conditions  and  also  facilitate  isolation  of 
/5-ketols.‘*®-  The  stereochemistry  of  the  ring  juncture  in  decalin 

derivatives  is  evidently  governed  by  the  size  of  the  ring  substituent  in  the 
2-position  of  the  reactant  cyclohexanone;’®'’’  sodium  ethoxide  at  low 
temperature  (  —  10°)®’  leads  to  the  same  stereochemistry  in  the  products  as 
does  pyrrolidine’®'  ”  (see  p.  13). 

Five-membered^^®~^^^^  and  seven-membered^^®’  rings  have  been 
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made  by  this  intramolecular  condensation  but  no  ring  closures  to  cyclo¬ 
butane  derivatives  have  been  reported.  1,4-Diketones  yield  cyclo- 
pentenones;  1,6-diketones  yield  acylcyclopentenes  or  cycloheptenones. 


NaOH 

CH3C0CH2CH2C0CH2CH2CH=CHCH2CH3 - > 


''CH2CH=CHCH2CH3 


o 


Jasmone 


RC0(CH2)4C0R 


KOH,  CjHjOH 
- >• 

Reflux 


R  =  alkyl,  aryl  70-84% 


A  tricyclic  ^-ketol  intermediate  incorporating  a  four-membered  ring 
was  found  to  undergo  an  irreversible  retroaldol  condensation.^oo 


Large  rings  have  been  prepared  by  employing  high-dilution  techniques.^! 


CH,CO(CHA^„mnM  ^H5N(CH3)Mgllr  /  \ 

(C3H5),0,35»  ^  (OH2)i^CH 

II 

o 

attack  at  they  position  of  intramoiecular 

ne  y  position  oi  an  «(,/3-unsaturated  ketone.«2'  «3 

•“  M.-  ?:■  fr-  '-‘'■ 

N.  N.  Cidamovich  and  I  V  To?  /  '  "“’>' 

8203(1964)1.  '  ■ SSSj;,  1311  (1964)  [C  4  j, 

-  C.  Sa„„,6.  3.  d.  Pa„oo.a,  .„d  0.  Naovlllo.  .a„.  .00, 

\  Call.  No-..'?:?r^<S’ 
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K2CO3 

- V 

R  =  CH3,  C2H5.  CgHs 


R 


OH 

(50-80%) 


Certain  readily  available  carboalkoxy  diketones  are  very  useful  sub¬ 
stitutes  for  the  corresponding  diketones  the  carboalkoxy  group  may 
be  lost  during  the  condensation.^®^ 


CO2C2H5 


CH3COCH2CH2CHCOCH2CH3 


NaOCjHs 


3 

3 


1,5-Diketones,  available  by  piperidine-catalyzed  Knoevenagel  condensa¬ 
tion  from  a  d-keto  ester  and  an  aldehyde,  may  be  cyclized  to  yield, 

-  .  J  _ 406 


ultimately,  a,/S-unsaturated  ketones.^®® 


I  C5H20NH 

CH3COCHCHCHCOCH3 - ^ 


R  C02C4H9-< 


y  CH3CeH4S03H , 


Rj^^CH3 


R  =  H,  alkyl,  aryl 

In  some  reactions,  ring  closure  may  be  directed  by  the  choice  »/ **;**’ 
As  in  the  dialdehyde  example  24  (p.  49),  kinet.cally  controlled  aldol 

....  J.  Colonge,  P.  F«„co»,  .nd  R.  Vuillemey  Soc.  F^c,.  .028  (.966). 

«03b  J.  Colonge  and  R.  Vuillemet  Bull.  Soc.  Chtm.  France 

404  D  J.  Goldsmith  and  J.  A.  Hartman.  J.  Org.  C/iem.,  29,  3524  (1964). 

...  E.  Buchta  and  O.  SaUinger  CW.  Ber..  M^468  (.9M0^  ^ 

406  G.  Naslund,  A.  Sennmg,  and  S.  O.  Lawesson, 

407  H.  Plieninger  and  T.  Suchiro,  Chem.  Ber.,  89,  2789  (1956). 


THE  ALDOL  CONDENSATION 


63 


condensation  is  favored  by  piperidine  which  evidently  forms  an  enamine 
by  reaction  with  the  more  reactive,  less  hindered  carbonyl  group.  Other 
catalysts  appear  to  favor  the  thermodynamically  more  stable  condensation 
product. 


CO2C2H5 

I  C5H10NH 

CH3C06CH2CH2COCH3 

CH3 


1,5-Diketones  obtained  by  Michael  additions  to  a,yd-unsaturated  ketones 
may  be  cyclized  to  cyclohexenones,  a  reaction  often  referred  to  as  the 
Robinson  annelation  reaction.^®-  ■los-wga  poj.  example  propiophenone 
adds  to  3-methyl-3-buten-2-one,  ultimately  forming  4,6-dimethyl-3- 
phenyl-2-cyclohexen-l-one.^^°  Many  examples  of  this  type  of  base- 
catalyzed  reaction  (Michael  addition  followed  by  aldol  condensation 
leading  to  an  alicyclic  ketone)  are  known.^i-  408,  4n-425a 


C3H3COCH2CH3  +  CH2=C-C0CH3  — 


CH, 


2.  Aldol 


W.  S.  Rapson  and  R.  Robinson,  J.  Chem.  Soc.,  1285  (1935). 

4oIa^R  J;^Baisted  and  J.  S.  Whitehurst.  J.  Chem.  Soc.,  2340  (1965). 

R.  Selvarajan,  J.  P.  John.  K.  V.  Nara^an  nnA  <5  «  ■  ^  rr, 

949  (1966).  •L'laragan,  and  S.  Swaminathan,  Tetrahedron,  22, 

e'  '■  *'•  *"'4  F-  Irving.  J.  Ckt„.  Soc.,  1888  (1927). 

E.R.H.  Jon,.  .nd  H.P,  Koch,  393  (1942). 

D.  Iwanov  and  T.  Iwanow,  Ber.,  77,  173  (1944). 

H.  Meerwein,  Ber.,  77,  227  (1944). 

j'  t  231-  1504  (1950). 

417  w  r  T  France,  [5]  19  47  (1952) 

-  E  A  Brrd^^R  2227  Jl ^  ^ 

It.  A.  Braude,  B.  F.  Gofton,  G.  Lowe  and  F  <5  w  •  i...  r 

G.  Biichi,  J.  H.  Hansen.  D.  Knutson  Ind  E 

E.  D.  Bergmann  and  P.  Bracha  J  Ora  Ch  aa'  ^  Chem.  Soc.,  80,  6617  (1958). 
W.  Bacon.  S.  Brewis.  G.  E  T?she;  and  I 

J.  Wiemann  and  Y,  Dubois  Bull  Soc  Ch  '  Soc.,  2265  (1961). 

J.  Colonge.  J.  Dreux  and  R  cl.  1813  (1962). 

N.  C.  Ross  and  R.  Levine  J  Ora’^rl  ’  ^52  (1960). 

J.  Wiemann.  N.  RoLaTlnd  J  T  o  T/' 

J.  J.  Bn,r.boo„, OrJ.  CA,„..  ai.t^re 'w'eT'  ’ 
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The  structure  of  the  product  may  depend  on  substituents  and  ring  size 
in  certain  condensations;  in  compound  29  acid-catalyzed  condensation 
occurs  on  the  ring  methylene  group  if  the  ring  is  large  enough ;  otherwise 
condensation  occurs  on  the  methyl  group  of  the  3-oxobutyl  side  chain.'*®^* 


CO2CH3 


/ - CCHaCHoCOCH, 

(CHj),  CO 

\ - CH2 

29 


HCl  y 

Aq.CHjCOzH 


n  =  5-7,  10,  12 


Evidently  this  situation  holds  only  when  the  group  in  the  2 -position  is 
or  becomes  hydrogen  (replacement  of  COgCHg  by  H  occurs  during  the 
cyclization  of  29),  for  when  an  alkyl  group  is  initially  present  in  the 
2-position  (as  in  30)  condensation  occurs  on  the  ring  methylene  group 
(sulfuric  acid  catalyst)  to  yield  in  31  the  double  bond  is  not  at  the 

bridgehead,  however. 


The  structure  of  the  product  may  depend  on  reaction  conditions;  by 
employing  a  basic  catalyst,  condensation  of  30  occurs  on  the  methyl 
group  of  the  3-oxobutyl  side  chain  to  yield  an  octalone  (32).*”  Main¬ 
taining  reaction  conditions  of  either  kinetic  or  thermodynamic  control 
may  determine  product  composition.  It  has  been  established  that  m 
cyclization  of  the  diketone  33  the  bicyclo[3.3.1]nonane  structure  34 
(formed  by  condensation  of  the  more  rapidly  formed  cyclohexanone 
enolate  with  the  less  reactive  side  chain  carbonyl  group**®)  is  kinetically 
favored;  prolonged  reaction  (equilibrium  conditions)  lea,da  to  the  thermo¬ 
dynamically  more  stable  decalone  35.*»*  Acid-cata  yzed  cyclization 
of  33  leads  to  the  octalone  36, *»®  rather  than  to  a  bicyclo[3.3.1]non-2-en- 

9-one  as  with  30.  (There  is  no  angular  2-alkyl  group  m  33.) 

Modifications  of  the  Robinson  annelation  reaction  are  ^ 

employed  in  practice,  but  are  not  included  in  the  tabular  summary  of  this 

...  y.  Prriog.  L.  Ru.ick.,  P.  .„d  L. 

427  j,  A.  Marshall  and  D.  J.  Schaeffer,  J.  Org.  Chem.,  30,  3642  (1965). 
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review.  Three  of  them  are  mentioned  now.  (1)  The  vinyl  ketone  acceptor 
may  be  replaced  by  a  Mannich  base^®^  or  its  methiodide, ^28-430  thus 
allowing  more  vigorous  reaction  conditions  which  would  polymerize 

0 


© 


+  CH3COCH2CH2N(C,H5)2CH3l 


©  NaNHg , 


the  vinyl  ketone.  (2)  The  Wichterle  reaction^^?,  431  employs  1,3-dichloro- 
m-2-butene  as  a  methyl  vinyl  ketone  surrogate  to  alkylate  a  ketone 
(sodium  amide  catalyst);  the  2-(3-chloro-2-butenyl)  ketone  produced  is 
treated  with  sulfuric  acid  to  yield  a  diketone  (sometimes  isolable427) 
which  IS  then  cychzed.  (3)  Another  very  useful  modification  of  the 


CH3 

CH2CH3COCH3  H3SO4 


H2SO4  ^ 


reaction  is  conversion  of  the  addend  ketone  into  an  enamine 

This  aJlows  alkylation  at  the  least  substituted  position  with  pyrrolidine- 
derived  enaminps433.  433a  c  ^  ^ 

j  1  •  .  fhe  6-position  of  2-alkylcyclohexanonesl 

and  also  nnn.mizes  polymerization  of  the  vinyl  ketone.^^  nexanones) 

J.  W.  Cornfouh  and  R.  Robin.on,  J.  Chem.  Soc..  1855  (1949) 

J.  Szmuszkovicz  and  H  Born  J  4m  nu  o  ' 

F  r  rii.  p-z.  P-  T  a,  ■  ^  75,  3350  (1953). 

o!  Wichterle!  j'. 

300  (1948).  ■  Collection  Czech.  Chem.  Commun.  13, 

S.  K.  Malhor”^  Caputo,  Org.  Syntheses,  45,  80  (1965). 

433a  w  D  p.  ®''  •  ohnson.  Tetrahedron  Letters,  4027  (1965) 

W.  D.  Gurowftz  and  M.  A.  Joseph.  Tetrahedron  Letters.  41^3  (1965). 
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Ketoaldehydes.  Ketoaldehydes  (sometimes  generated  in  situ)  have 
been  condensed  intramolecularly  to  form  five-  or  six-membered  rings 
(Table  XX). One  example  of  formation  of  a  seven-membered  ring 
has  been  reported.’®  The  reaction  has  been  employed  in  steroid  synthe¬ 
ses. 


It  is  interesting  that  condensation  of  the  ketonic  carbonyl  group 
occurs  on  the  a  carbon  atom  of  the  aldehyde  in  some  of  these  examples 
producing  a  cyclopentene-l-carboxaldehyde  or  the  related  aldol. 
Cyclization  of  the  ketoaldehyde  37  catalyzed  by  ethanolic  sodium 
hydroxide  led  to  the  five-membered  ring  aldehyde  38  rather  than  a 
seven-membered  ring  ketone  the  result  illustrates  the  dominant 


434  G.  I.  Poos,  W.  F.  Johns,  and  L.  H.  Sarett.  J.  Am.  7588  ?i963)]. 

435  B.  Berkoz.  E.  Dcnot,  and  A.  Bowers,  Steroids  1  2ol  (19  )  [  - 

436  R.  Lalande,  J.  Moulines,  and  J.  Duboud.n, 

437  H.  E.  Eschinazi.  U.S.  pat.  2.946,823  [C..4.,  55,  (  • 

438  N.  L.  Wendler  and  H.  L.  Slates,  J.  Am.  ^  ’’ 

43*  E.  J.  Corey  and  S.  Nozoe,  J.  .4m.  Chem.  Soc.,  85,  -  (1964). 

440  G.  H.  Whitman  and  J.  A.  F.  Wickramasing  e  .  jggg,  59, 

441  K.  Tanabe  and  Y.  Morisawa,  Chem.  Pharm.  Bull.  (Tokyo),  ii, 

7600  (1963)].  Takasaki  Chem.  Pharm.  Bull.  (Tokyo),  9,  1  (1961) 

442  K.  Tanabe,  K.  Hayashi,  and  R.  Takasaui,  u/iem. 

60»  9331  (1964)].  ^"*>0 

443  E.  J.  Corey  and  S.  Nozoe,  J.  .4m.  C/iem.  5oc.,  87,  <-  ( 
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influence  of  strain  and  ring  size  rather  than  the  relative  reactivities  of 
aldehyde  and  ketone  carbonyl  groups  on  the  structure  of  the  product.^®® 
The  composition  of  the  product  has  been  shown  to  depend  on  the  catalyst 
with  6-oxo-3-isopropylheptanal,  piperidinium  acetate  leading  solely  to 
2-methyl-5-isopropyl- 1  -cyclopentene- 1  -carboxaldehyde^®®  and  aqueous 
potassium  hydroxide  or  an  acid  catalyst  to  l-acetyl-4-isopropyl-l -cyclo¬ 
pentene  as  the  major  product;^®®'  6-oxo-3-isopropenylheptanal  behaves 


CaHj-i 


^KOH.HaO, 

orH® 


CH, 


CHj 

I  * 

CHj 


CH2CHO 


Piperidinium 

acetate 


I 


similarly  This  result  may  be  explained  by  attack  of  ketone  carbonyl 

on  the  more  rapidly  formed  aldehyde  enamine  (kinetic  control)  with 
piperidine  catalyst  and  the  more  reactive  aldehyde  carbonyl  attacking 
the  ketone  enolate  (thermodynamic  control)  with  hydroxide-ion  catalysis. 

Michael  addition  of  ketones  to  a,/5-unsaturated  aldehydes  leads  to 
5-ketoaldehydes  which  can  be  cyclized  to  cyclohexenones.^^^' 

K' 


CH3COCH  +  R''CH=CHCHO 


R 


KOCH3 

CH.OH 


R'  R" 


R 


CH3COC— CHCHoCHO  -^R' 


R 


-  R- 

0° 

B.cyclio  bridged  ketols  (which  canrrot  readily  dehydrate)  have  been 

fe Xl'd  !  If  "8orou3  conditions 

lead  to  p,y-unsaturated  ketones.^®! 


•I  j.  R '‘r-  -  036  (1960). 

•••  J.  M.  Coeia  and  C.  FaKerBjuXJ  3’’'''  (‘"‘‘I- 

J.  Colonge,  J.  Dreux  Zd  M  Th  n 
J.  Colonge,  J.  Dreux’  and  m' 

R.  W.  Guthrie  A  Ph’ilinn  7  v  ^  244,  89  (1957). 

450  A  aa  Z.  Valenta,  and  K  W'ieonA,-  i.  j  t 

451  r  1:  31,  1053  (1966)'  ’  2945  (1965). 

"  •  >/•  Chem.  Soc,  5764  (1965). 
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It  would  be  desirable  to  have  rules  predicting  the  course  of  intramolec¬ 
ular  aldol  condensations.  Potentially  two  or  more  routes  may  be 
available  and  may  lead  to  different  ring  systems  or  to  different  arrange¬ 
ments  of  substituents.  It  appears  that  the  factors  which  determine  the 
equilibrium  course  of  intermolecular  condensations  apply  also  to  intra¬ 
molecular  condensations,  with  the  important  restriction  that  ring  size 
and  ring  strain  in  the  product  are  quite  crucial.  In  general,  the  order  of 
favored  ring  size  formation  is:  6  >  5  >  7  >  4.  Substitution  of  endocyclic 
double  bonds  by  alkyl,  aryl,  or  acyl  groups  will  stabilize  the  product. 


SIDE  REACTIONS 


Because  of  the  great  reactivity  of  aldehydes  and  ketones  and  their 
derived  condensation  products,  aldol  condensation  side  reactions  are 
ubiquitous.  In  the  following  summary  some  of  these  reactions  (acetal 
formation,  hydride  transfer,  and  additions  to  a,^-unsaturated  ketones) 
are  briefly  discussed.  Most  discussion  of  mechanism  has  been  omitted. 


It  is  an  interesting  fact,  perhaps  not  generally  recognized,  that  cyclic 
acetal  formation  can  occur  in  basic  as  well  as  acidic  media  when  certain 
nouditions  and  structural  requirements  combine.  The  relatively 


R'  OH 


3  RR'CHCHO 


39 

R  =  alkyl  or  aryl;  R'  =  alkyl  or  H 


+  RR'CHCHO 
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6w-l,3-dioxane  40  was  obtained  in  30%  yield  from  cyclohexanone  and 
formaldehyde  with  sulfuric  acid  in  acetic  acid.^®®  The  formation  of 
acetals  from  aldols  has  been  reviewed.'*®^ 


O 

<„ 


O 


40 


Aldols  dimerize  on  standing,  often  rapidly;  acetaldol  forms  paral- 
dol.461. 462  The  stereochemistry  of  paraldol  has  been  examined. 
Aldol  dimerization  can  be  reversed  by  heat.  Distillation  of  aldols  imme¬ 
diately  before  use  is  recommended ;  traces  of  aecumulated  acidic  impurities 


^CHjC'HOHCHXHO 


Heat 


H  H 

HOy^Q^CHoCHOHCHa 


Paraldol 


should  be  removed  prior  to  this  operation  to  avoid  dehydration  of  the 
aldol. 

Hydride  transfer  reactions  such  as  the  Cannizzaro  reaction  are  encoun¬ 
tered  with  a  few  reactive  aldehydes,  notably  formaldehyde,  under  basic 
conditions.123'  123a  However,  aldol  condensation  reaction  conditions  are 
usually  sufficiently  mild  to  obviate  extensive  hydride  transfer  as  a 
cornpeting  reaction.  A  molar  excess  of  formaldehyde  with  basie  eatalysts, 
such  as  aqueous  calcium  hydroxide,  at  25-100°,  will  produce  diols  or 

acetaldehyde  yields  pentaery- 
°  reduction  of  aldols  of  higher  molecular  weight  is  less 

RCHgCHO  +  3  HCHO  +  H2O  RC(CH20H)3  +  HCOgH 

®  S.  Olsen,  Acta  Chem.  Scand.,  7,  1364  (1953). 

E  41.  139-148  (1945) 

462a  .;  P  74,  859  (1941).  a.  14S  ( 1945). 

J  A  ’  31.  1775  (1966). 

4.4  G  G  ^ [C-.A..  43,  7505  (1949)]. 

314  ,,949).  '^  '  “■*  BuH.  Soo.  Cki„.  Franc.  [5]  17. 

;;;  c‘  M  Soc..  76  1697  (1954) 

C.  M.  van  Marie  and  B.  Tollens  Her  iq.4i  .o..,  (1954). 

W.  Hensinger.  Fr  pat  1  103  n37rj  .o  ' 

«8  A  T  4  ^  52,  19953  (1958)1 

469  c  ‘  Chem.,  17,  76  (1896) 

4,0  t  R  43,  149  (1948). 

4,oa  „  Coll.  VoL,  1.  425  (1941). 

(1966)].  ■  ■  ‘  (Lisbon),  40.  649  (1965)  [C.A.,  64  17406 

--  H.  Guenther  and  H.  Mirbaeh.  Ger.  pat.  ,220.842  tC.A..  65.  12108  (1966)]. 


60 


ORGANIC  REACTIONS 


efficient;  nonanal^^i  and  2-methylheptanal^’^  undergo  normal  aldol 
condensation  with  formaldehyde  under  conditions  whereby  lower  aldol 
homologs  are  reduced.  Reduction  of  ketols  by  excess  formaldehyde  can 
also  occur.  Although  cyclohexanone  condenses  with  4  mole  equivalents 
of  formaldehyde  (aqueous  calcium  hydroxide  catalyst)  to  produce  the 
tetramethylol  derivative  (40%  yield),  use  of  5.5  mole  equivalents  of 
formaldehyde  leads  to  the  pentahydroxy  compound  41  (73-85%).^’^  Some 


(HOCH 


examples  of  reductions  of  aldols  or  ketols  involving  aldehydes  other  than 
formaldehyde  have  been  reported  (e.g.,  benzaldehyde,  2-methylpropanal, 

furfural,  2-methylbutanal,  acetaldehyde,  and  2-nitrobenzaldehyde).^’3-476 

Although  alkane  a,co-dicarboxaldehydes  produce  cycloalkene  carbox- 
aldehydes  by  intramolecular  aldol  condensation  under  acidic  or  mild 
basic  conditions.3’3-  somewhat  more  vigorous  basic  conditions 

employing  alcohol  solvents  (e.g.,  warm  methanolic  potassium  methoxide) 
lead  to  lactones.^’’-  Warm  aqueous  alkali  leads  to  hydroxy  acids 
Similarly,  m-ketoaldehydes  may  form  lactones,  hydroxy  acids,  cyclo- 
alkenones,  or  cycloalkene  carboxaldehydes,^^  442  depending  on  reaction 


CH 


(CH2)„_i 


H®,  HgO: 
or  CjHioNH 


CH2 

_  KOCH3  /  \ 

0HC(CH2)«CH0  - _ (CH2)„  O 


CH3OH 


OH 


9 


CCHO 


H,0 


C 

II 

o 


/ 


H0CH2(CH2)„C02® 


radilton..  Hlg»  ^  SZ'n’iKK 

-i.-  “• 

n  n  t  and  R  Firmenich,  Bull.  Soc.  Chim.  France,  [4]  47,  858  (1930). 
471  E.  Fourneau,  G.  Benoit,  and  R.  Hr 

...  H.  Ckim.  France.  14)  41.  1077  (1927). 

473  E.  Cornubert  and  H.  Le  eihan,  l>u 

474  G.  Lindauer.  Monatsh.  Chem.,  21.  ^2  (1900). 

475  A.  Franke  and  R.  Stern. 

47«  A.  Baeyer  and  V.  Drewsen,  Ber.,  15, 

477  A.  Meerwein,  Ber.,  53,  1829  (1920). 

478  R,  H.  Hall,  J.  Chem.  Soc.,  4303  (1954). 
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to  lactones  (ring  opening  occurs  in  aqueous  base).  Enamine  intermediates 
and  aeid  catalysts  lead  to  aldol  condensation  products. 

The  condensation  of  aliphatic  aldehydes  to  esters  (Tischenko  conden¬ 
sation)  is  most  readily  effected  by  aluminum  alkoxides  at  room  tempera- 
ture.io'*.  479  Alkoxides  sueh  as  Mg[Al(OC2H5)4]2  and  calcium  ethoxide 
cause  formation  of  glycol  esters.^°^' 

AUOC,H,-t), 

2  RCHgCHO - RCH2CO2CH2CH2R 

Ca(OC.,HA, 

3  RCH2CHO - RCH2C02CH2CH(R)CH0HCH2R 

When  aliphatic  aldehydes  are  subjected  to  vigorous,  base-catalyzed 
reaction  conditions  (relatively  high  temperatures,  high  catalyst  concentra¬ 
tion),  numerous  reactions  (including  Cannizzaro  reaction)  other  than  aldol 
condensation  may  ensue  and  some  of  these  have  been  studied.  Resin¬ 
like  polymers  result  from  very  reactive  aldehydes  such  as  acetaldehyde 
and  certain  a,/3-unsaturated  aldehydes.'*^’’  ^80-482  Rutanal  undergoes 
self-condensation  with  concentrated  aqueous  alcoholic  potassium  or 
sodium  hydroxide  (25-110°)  to  produce  several  products  including 
butanol,  2-ethyl-2-hexen-l-ol,  butyric  acid,  2-ethyl-2-hexenoic  acid,  the 
aldol  42,  the  glycol  43,  and  the  lactones  44  and  45,  some  of  these  (42-44) 
in  yields  up  to  40-50%  depending  orl  reaction  conditions.®®-  381,383,  483-485 
Products  43-45  are  derived  from  42  and  butanal  or  2-ethyl-2-hexenal  by 


42 


43 


0 


O 


44 


45 


Jeiv.  cntm.  Acta,  47,  667,  725  (1964) 
pat.  608.985  [C.A.,  44.  4493  (1950)].’ 


pp.  43-123, 
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reactions  which  include  hydride  transfer.®®^-  ®®®  Compounds  of  un¬ 
determined  structure,  composed  of  four  aldehyde  units,  have  been 
reported  to  form  with  strong  base  from  other  aliphatic  aldehydes  in¬ 
cluding  propanal,®®®’  485-487  pentanal,4®®-49i  2-hexenal,4®2  hexanal,^®^  and 
heptanal.4®®-  487-496  n,  jg  likely  that  some  of  these  products  are  homologs 
of  42-45. 

The  self- condensation  of  ketones  can  lead  to  various  side  reactions. 
Isophorone  is  produced  from  phorone  (from  acetone)  with  basic  catalysts 
by  an  intramolecular  Michael  addition  homoisophorones  are  formed 
similarly  from  2-butanone.®®®  Homoisophorone  formation  is  also  acid- 
catalyzed.®®®  “Kostanecki’s  compound, ”4®’  formed  by  self- condensation 
of  phenoxyacetojphenone  with  sodium  or  sodium  amide  in  xylene,  has 
been  shown  to  be  1,2,3-tribenzoylpropene.®®®”®®^ 


(CH3)2C=CHC0CH=C(CH3)2 

O 

Phorone  Isophorone 

3  CeHsCOCHjOCeHs  -V  CeHsCOCHafeCHCOCgHs 

COCeHs 

Kostanecki’s  compound 

1,3,5-Trisubstituted  benzenes  are  obtained  from  methyl  ketones, 
particularly  with  acid  catalysts.  Acetone  yields  mesitylene,®®®  and 


«« J. 
A. 

48S  Y. 

G. 
«»»  A. 

A. 

H, 

4»s  w 
444  W 
4»S  W 

«»•  H. 

4»7  S 

<»«  R. 

4»S  P. 

too  p, 
toi  p. 
»»*  K 
»o*  C. 

t04  Y. 
tot  R. 
tot  A. 
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3  CH3COR 


R 


R  =  alkyl  or  aryl 


acetophenone  yields  l,3,5-triphenylbenzene.^°®  Such  reactions  may  also 
be  catalyzed  by  bases^®’  and  can  occur  with  cycloalkanones.  Cyclo¬ 
hexanone  with  sodium  methoxide  or  acid  catalysts  forms  the  dodeca- 
hydrotriphenylene  45a;  cyclopentanone  and  1-indanone  behave  analo- 

gQUgly  160»  508*  509 


Side  reactions  involving  the  aldehyde  are  encountered  in  aldehyde- 
ketone  condensations.  An  important  side  reaction  is  self- condensation 
of  aliphatic  aldehydes  (particularly  those  having  an  a-methylene  group) 
to  aldols,  since  this  reaction  may  proceed  more  rapidly  than  condensation 
with  the  ketone.  Slow  addition  of  the  aldehyde  to  a  large  molar  excess 
of  ketone  containing  the  catalyst  may  circumvent  this  difficulty;  or, 
for  ketones  which  do  not  undergo  self-condensation  readily  (diisopropyl 
etone)  the  ketone  anion  may  be  formed  irreversibly  with  a  strong 
base  before  adding  the  aldehyde.-”  Only  occasionally  does  the  separation 
o  aldehyde  self-condensation  by-products  create  difficulty  (butanal- 
acetone  condensation,  for  example).«»-ft  Side  reactions  of  ketone 
self-condensation  are  important  only  with  acetone  (to  yield  mesityl  oxide) 

m  conden^tion  wdh  unreactive  aldehydes  such  as  pivaldehyde  which 
do  not  undergo  self-condensation.®^! 

Retrograde  aldol  condensation  may  present  difficulties  An  attemnt 
to  condense  propanal  with  a  large  excess  of  3-methyl-2.butanone  led  on^v 

P.  D.  Bartlett,  M.  Roha,  and  M  Stiles  T  Am  ni,  a 

J.  Hausmann.  Ber..  22,  2019  (1889).  •’ 

111  ^Bchoch,  Ber..  60,  467  (1927). 

R-  a.  d,  CudCru’  P  a™  h“  '  s  o 

France,  112  (1967).  ’  ’  Scheuerbrandt.  Bull.  Soc.  Chim 

«•  a.  de  G.„d.u,„i.  „d  P.  Amaud,  Ml.  1311 
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butanal  readily  produce  good  yields  of  ketols  with  this  ketone.2’2  An 
attempt  to  condense  3-(3,4-niethylenedioxyphenyl)-2-propenal  with 
3,3-dimethyl-2-butanone  led  to  a  piperonal  condensation  product  (73% 
yield)  due  to  cleavage  of  the  propenal.^^2  An  attempt  to  condense 
2-ethyl-2-hexenal  with  4-heptanone  (aqueous  ethanolic  potassium 
hydroxide  catalyst)  led  to  5-ethyl-5-nonen-4-one  derived  from  butanal 
and  the  ketone.222'  'j'h0  formation  of  bis-stjvyl  ketones  from  styryl 
alkyl  ketones  with  basic  catalysts  is  a  similar  reaction.®^^ 

KOH 

n-C3H7CH=C(C2H5)CHO  +  (n-CgH^l^CO  > 

Aq.  L2HjUrl 

n-CaH^CH^ClCaHslCOCgH^-n 

The  position  of  the  double  bond  in  unsaturated  carbonyl  compounds 
obtained  as  condensation  products  is  pertinent,  a, /5-Unsaturation 
predominates  in  the  reaction  equilibria  in  most  examples.  /5,y-Unsatura- 
tion  is  favored  by  alkyl  substituents  in  the  a  position  and,  to  a  greater 
extent,  in  the  y  position.®®’  ^^2.  274.  sie-sis  Acid  catalysts  favor  formation 
of  a,/5-unsaturated  ketones  with  endocyclic  double  bonds  in  condensa¬ 
tions  of  benzaldehyde  with  cyclohexanones  and  cyclopentanones ;  with 
basic  catalysts  the  product  has  an  exocyclic  double  bond.®®'‘  The 
mechanism  of  the  base-catalyzed  a,  /5  ^  /5,y  interconversion  has  been 
studied.®^ 

a,/5-Unsaturated  ketones  undergo  many  additions  to  the  olefinic 
double  bond  which  account  for  side  reactions.  Addition  of  alkoxide  ion 
may  lead  to  ethers  when  alcoholic  or  aqueous  alcoholic  base  is 
employed.®!®’  519  The  presence  of  these  products  can  complicate  the 
separation  of  liquid  ketols  by  distillation,  as  the  mixture  of  1-cyclo- 
propyl-3-ethoxy-4-methyl-l-pentanone  and  the  related  ketol.®20  Second¬ 
ary  amine  catalysts  may  undergo  a  similar  addition  reaction  leading  to 

/5-aminoketones.®25-  327,  521 

f^COCH=CHCH(CH3)2  [^COCHaCHCHlCHala 

OC2H5 
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1 -Alkyl- l-(2-tetrahydropyranyI)-2-propanones  are  reported  to  result  from 
the  condensation  of  5-hydroxypentanal  with  methyl  ketones.®22  Hydro¬ 
gen  chloride  adds  to  a,/5-unsaturated  ketones  forming  /5-chloroketones; 


HOCHjlCHalgCHO  +  RCHjCOCHg 


kQ^CH(R)COCH3 


however,  these  products  are  ordinarily  quite  easily  reconverted  to  a.,^- 
unsaturated  ketones  by  heating  or  treatment  with  bases  such  as  quinoline, 
potassium  carbonate,  potassium  hydroxide,  or  sodium  ethoxide  (ethanol 
or  water  solvent). 

HCl 

RCH=CHCOR  ^  RCHCICH2COR 

Base  or  heat 

The  formation  of  y-pyrones,  frequently  encountered  in  base- catalyzed 
condensations  of  benzaldehyde  (2  mole  equivalents)  with  certain  aliphatic 
ketones  (2-butanone,  3-pentanone)  is  a  result  of  intramolecular  alkoxide 
addition  in  a  fets-condensation  product. ®23.  524 


R  R' 


ArCHCHCOC=CHAr  ^ 

I  Aq.CjHsOH  A_ 

0©  Ar 

Ar  =  aryl;  R,  R'  =  alkyl 


A... 


'0 


R' 
JAr 


The  base-catalyzed  formation  of  chromanones  (flavanones)  from  2- 
ydrox;^henyl  styryl  ketones  is  another  example  of  this  type  of  re- 
action.  y.Pyrone  formation  may  be  acid-catalyzed  as  in  the 


BH, 


condensation  of  benzaldehyde  with  2,6.dialkyloyelohexanonos:  46 
3,  Ar  _  CeH,)  was  formed  m  88%  yield  (hydrogen  chloride 

F  R “■‘  P- Corbel.  Bull.  Soc.  Ckim.  Frau,,,  283  (19601 
...  n  V  "■  Sac..  85,  1488  (19^ 

»•  s'  ■  t.  Levi,  and  J.  Tamhor,  B,r.,  32  326  (18991 

L  32.  1926  mob  ' 

C.-  C,  P...;  ."d ""m  “0.  1«  (19421. 

K.  N.„,  drc5.  PW,  285.’i  il9e2Hc“r52!7li?‘-19l2,S'’“‘>' 
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HCl, 


Arr^^NAr 


R 


R 


bd 


R 


46 


catalyst). The  hydrogen  chloride-catalyzed  condensation  of  nitro- 

2- hydroxyacetophenones  with  an  excess  of  aromatic  aldehyde  leads  to 

3- arylideneflavanones.®^®' 


OjN 


-f  2ArCHO 


Michael  additions  to  a,/?-unsaturated  ketones  are  the  basis  for  many 
side  reactions.  1,5-Diketones  result  from  the  addition  of  ketones,  a 
reaction  favored  by  use  of  more  concentrated  base  and  excess  ketone. 
The  diketones  (47)  frequently  are  formed  from  aromatic  ketones  and 
aromatic  aldehydes, 532.  535-549  legg  frequently  (except  formaldehyde) 
from  aliphatic  aldehydes.^’  Substitution  in  the  acetophenone  inhibits 
this  side  reaction.^^  Benzaldehyde  and  desoxybenzoin  may  yield 
benzamaron  (47,  Ar,  Ar',  Ar",  R  =  Cycloalkanones  also 

form  1,5-diketones  which  may  undergo  intramolecular  aldol 
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ArCOCHoR  +  Ar'CHO  ^  ArCOC=CHAr'  +  HgO 


A 


Ar' 

ArCOC=CHAr'  +  Ar-COCH,R  —  ArCOCH(!;HCHCOAr' 

A  i  i 

47 

Ar,  Ar',  Ar'  =  aryl 
R  =  aryl,  alkyl,  or  H 


condensation  to  yield  tricyclic  ketols,  49.552-555a  latter  have  also  been 
obtained  from  cyclohexanone  and  a  primary  alcohol,  RCHgOH.®^® 
l,3-Diketones328-332  ^nd  desoxybenzoins^®’  readily  form  1,5-diketones, 
especially  with  formaldehyde.®*® 


The  base-catalyzed  self-condensation  of  a.^-unsaturated  ketones  pro¬ 
ceeds  initially  as  a  Michael  condensation  to  form  as  the  primary  product 

resutolZTAut  ‘f  the  final  prod^rt  th"e 

Z  le  a  !  r  diketone,  (B)  a  cyclic  saturated 

ketone  nrodLrR°n“"°  f"'°  -"“no- 

ketone,  products  B-D  arise  from  A  by  Michael  or  aldol  condensations 

Numerousexamplesof  thesevarious  possibilities  arc  known;3*2«-  52o,  sss-seob 

•••  N.'  "“t*)!- 

”<  J.  Pithi.,  M.  N.  TiUcl,.„ro  „d  V  O  Ki:  b  ,  ’ 

[c.a.,  61,  8103  (1964)].  '  ZA.  OtsAcA,  ICAtm.,  34,  1930 
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e.g.,  50  (type  A)  from  cyclopropyl  methyl  ketone  and  isobutyraldehyde,^^® 
51  (type  A)  from  benzaldehyde  and  cyclohexanone, and  52  (type  C) 
from  mesityl  oxide.^^® 


CH(CH3)2 

[>C0CH2CHCHC0<] 

CH 

II 

C(CH3)2 

50 


CH3  CHa® 


+ 


CHA'O 


CH3  rH3 


X’OCH, 


CHCeHs 


CH3CO 


'COCK, 


CH3rf^(CH3) 


3'2 

COCH3 
3  OH 

52 


Self- condensation  of  styryl  alkyl  ketones  of  the  type 

ArCH^CHCOCH.^R 

with  ethanolic  sodium  ethoxide  leads  to  3,5-diaryl-4-alkanoyl-2-alkyl- 
cyclohexanones  (53,  10-20«/o  yield).564  Electron-releasing  groups  m 

tiie  meta  or  j^ara  position  of  the  aryl  group  facilitate  the  reaction;  R  may 
be  any  alkyl  group  except  methyl.  Styryl  methyl  or  eth^  ketones  may 
undergo  self- condensation  to  styryl  aryl  cyclohexenones,  54. 


R 

('H=CHAr 


54 

R  =  H  or  CII3 


2ArCH=CHCOCH2R 


53 


R  =  alkyl  except  CM 3 

Acid  catalysts  may  jiroduce  side  reactions  with  styr\d  ketones.  The 
reactions  involve  oxidation  and  lead  to  pyryhum  sa  ts.  le  process  w 

M.  N.  T  Mchonko  and  V.  G.  Kharachenko.  Zh.  OlM.  Khim.,  29.  1909  (1959)  [(7-4., 

54,  978:i  (1900)].  Dokl  Akad.  Xauk  SSSR,  110,  226  (1956) 

M.  N.  Tilichcnko  and  V.  G.  Kharachenko, 

[G..4.,  51,  5037  (1957)].  kr,  and  T  I  Krupina,  Z/i.  05s/ic/r.  A'/iim.,  34,  2721 

563  M.  N.  Tilichenko,  V.  G.  Kharachenko  and  1.1.  ixrupma, 

(1964)  [C.A.,  61,  lie'll  (1964)].  ^  ^  no  oioo(196:i). 

564  A  T  Nielson  and  H.  J.  Hubin, ./.  Org.  Chem.,  28,  -1-0  (1.  ) 

564a  A.  T.  Nielsen  and  co-workers,  forthcoming  publication. 
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chalcones  is  favored  by  the  presence  of  electron-releasing  groups  such  as 
methoxy  or  diinethylamino.^®®-^®’  The  reaction  may  result  by  using  2 
mole  equivalents  of  the  ketone  and  1  of  the  aldehyde  with  acid  catalysts 
(with  basic  catalysts  an  intermediate  1,5-diketone  is  formed  which  may 
subsequently  be  cyclized  by  acid  catalysts).  The  pyrylium  cations  may  be 
isolated  as  their  chloroferrates  or  perchlorates. 

Ar 

ArCH=CHCOAr  +  CHaCOAr  , 

1.  A 

X®  =  FeCl^®,  ri04® 

Ar  =  aryl  with  electron-releasing  substituents 


Benzopyrylium  salts  result  from  2-hydroxy  aromatic  aldehydes  and 
aromatic  ketones. gpiro  compounds  are  obtained  from  2-hydroxy 


OCHO 

+  RCH,COAr 
OH 


aromatic  aldehydes  (2  mole  equivalents)  and  alkyl  ketones  (including 
dibenzyl  ketone)  with  hydrogen  chloride  catalyst.^a^-  574.  575 


EXPERIMENTAL  CONDITIONS 

Reaction  conditions  are  extremely  important.  A  great  variety  of 
expernnenta  procedures  has  been  employed  and  it  is  quite  difficuft  to 
ma  e  generalizations  of  broad  applicability.  In  a  series  of  papers  Dubois 

®  .  Dilthey,  J.  Prakt.  Chem.,  [2]  95,  107  (1917). 

Dilthey.  C.  Berres,  E.  Holterhoff,  and  H  Wubkpn  J  P  i . 

,  U  n.  vYubken,  J.  Prakt.  Chem.,  [2]  114,  179 
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566  W 

(1926). 

567 

568  yf 

569  ^ 

J. 

571 

S. 

573  A 

574 

575 
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reported  a  detailed  study  of  experimental  conditions  influencing  the  aldol 
condensation.269-  576-581  Condensations  of  aldehydes  with  2-butan- 
none®®^'  and  chalcone  formation®®®  have  been  reviewed.  The  reaction 
conditions  (catalyst,  solvent,  temperature,  reaction  time,  and  ratio  of 
reactants)  are  summarized  in  the  following  discussion,  which  applies 
principally  to  conditions  such  that  the  reaction  course  is  determined  by 
thermodynamic  considerations. 

Catalyst.  The  choice  of  catalyst  and  its  concentration  are  extremely 
important  factors  in  determining  a  successful  condensation.  The  matter 
of  catalyst  concentration  has  often  been  overlooked.  Dubois’  experi¬ 
ments  clearly  demonstrate  the  signal  importance  of  this  factor,  particu¬ 
larly  in  base -catalyzed  reactions  of  simple  aliphatic  aldehydes  and 
ketones.®®®’  576-581  p'Qp  example,  in  the  condensation  of  acetaldehyde 
with  acetone  to  yield  the  ketol,  4-hydroxy-2-pentanone,  a  maximum 
yield  of  87%  could  be  obtained  under  appropriate  conditions  at  a  par¬ 
ticular  concentration  of  potassium  hydroxide  in  ethanol;  a  very  slight 
increase  or  decrease  of  catalyst  concentration  from  the  optimum  value 
produced  an  abrupt  decrease  in  yield  of  ketol. The  rates  of  the 
forward  and  reverse  reactions  and  their  relative  magnitudes  are  important 


in  determining  the  required  catalyst  concentration  for  a  particular  con¬ 
densation.  Excess  base  favors  the  retrograde  process  of  cleaving  aldols 
to  reactants,  but  if  the  base  concentration  is  too  low  the  forward  rate  is  too 
slow.  Fortunately,  most  aldol  condensations  are  not  extremely  sensitive 
to  catalyst  concentration.  Often  the  reverse  process  is  not  rapid,  as 
when  an  a,/S-unsaturated  carbonyl  compound,  rather  than  an  aldol, 
is  the  product  and  only  a  small  amount  of  catalyst  is  needed  to  secure 
maximum  yield.  Excess  base  favors  dehydration  and  is  to  be  avoided 
if  aldols  are  desired.  In  certain  procedures,  salts  of  weak  acids  such  as 
sodium  carbonate,  sodium  phosphate,  or  potassium  cyanide  serve  to 
provide  a  buffered  control  of  and  optimum  conditions.  Acid-catalyzed 
condensations  are  generally  not  so  sensitive  to  catalyst  concentration 
because  these  reactions  are  largely  irreversible  and,  with  few  exceptions, 

lead  to  a,d-unsaturated  carbonyl  compounds. 

Although  a  wide  variety  of  materials  have  been  employed  as  ^^^lysts 
in  the  aldol  condensation,  frequent  use  is  limited  to  a  few.  In  the  following 
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discussion,  catalysts  have  been  classified  by  chemical  type  and  approximate 
base  strength. 

Primary  and  secondary,  but  not  tertiary,  amines  are  of  value  as  catalysts 
for  reactions  with  very  reactive  aldehydes  that  are  sensitive  to  stronger 
bases,  and  for  reactions  with  ketones  of  high  enol  content  such  as  1,3- 
diketones.  The  amines  can  react  to  form  imine  or  enamine  intermediates. 
P3a-rolidine  and  piperidine  are  quite  effective  for  intramolecular  con¬ 
densations.^®-  ®®-  ®®^'  Added  acid,  usually  acetic,  often  facili¬ 

tates  the  condensation  (cf.  p.  8).  Pyrrolidinium  and  piperidinium  acetates 
have  been  employed  in  self- condensation  or  mixed  condensation  reactions 
of  a,/?-unsaturated  aldehydes  leading  to  polyenals,^®®"^^^-  584-587 

and  in  condensation  of  aldehydes  with  1, 3-diketones. 328-332,  588-596 
These  catalysts  have  also  been  employed  in  condensations  of  aldehydes 
with  l,2-diketones,®25  desoxybenzoins,®®^-  ®®®  and  tetrahydro-y-pyrone.®®® 
In  the  condensation  of  4-dimethylaminobenzaldehyde  with  certain 
l,2,3,4-tetrahydro-l-methyl-4-oxoquinolines,  piperidine  w^as  effective 
where  sodium  hydroxide  failed,  although  the  situation  was  reversed  in 
the  condensation  of  benzaldehyde  with  these  ketones;  i.e.,  sodium  hy¬ 
droxide  was  the  most  effective  catalyst.®®®  In  the  condensation  of  aromatic 
aldehydes  with  phenylacetone,  piperidine  caused  condensation  at  the 
methylene  group,®®®-®®’  whereas  sodium  hydroxide  produced  condensation 
at  the  methyl  group  (see  discussion  p.  35).®®'*  Piperidine  w-as  effective 
at  high  temperature  (175-200°)  for  the  rapid  condensation  of  indole-3- 
carboxaldehydes  with  acetophenone.®®®  Diethylamine  effected  condensa¬ 
tion  of  o-phthalaldehyde  with  phenylacetone  and  with  2,4-pentanedione 
to  yield  the  corresponding  6i5-ketols  in  excellent  yields;  potassium 
hydroxide  was  ineffective  for  this  purpose.®®*  Other  amines  have  found 
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limited  use  as  catalysts  for  the  aldol  condensation  (dimethylamine, 
morpholine,  pyridine,^®  triethylamine^®^)  and  generally  are  less  effective 
than  piperidine  and  pyrrolidine. 


Alkali  and  alkaline  earth  metal  hydroxides  in  dilute  solution  are  very 
effective  catalysts  for  the  aldol  condensation  and  have  found  the  widest 
use.  A  study  has  been  made  of  the  effect  of  the  nature  of  the  cation  on 


catalytic  activity  of  hydroxides.^®^  Sodium  hydroxide  in  aqueous  or 
aqueous  ethanolic  solution  is  the  catalyst  most  frequently  employed; 
potassium  hydroxide  is  equally  effective.  By  selecting  a  suitable  catalyst 
concentration  and  solvent,  excellent  yields  of  condensation  product  may 
often  be  obtained.  For  condensations  involving  very  reactive  or  base- 
sensitive  aldehydes  such  as  formaldehyde  or  a,/3-unsaturated  aldehydes 
the  alkaline  earth  hydroxides,  calcium  or  barium  hydroxide,  are  valuable 
catalysts.278-  514.  602  Barium  oxide  is  effective  for  preparing  diacetone 
alcohol  from  acetone  (Soxhlet  apparatus,  75%  yield), but  2-butanone 
under  the  same  conditions  affords  the  homologous  ketol  in  only  11% 
yield.i^®  Quaternary  ammonium  hydroxides  such  as  Triton-B  have  found 
only  limited  use  as  aldol  condensation  catalysts.®®^ 


Alkoxides  of  the  alkali  and  alkaline  earth  metals  and  of  magnesium  and 
aluminum  are  frequently  employed  as  catalysts.  These  strong  bases  are 
often  effective  when  sodium  hydroxide  fails.  Sodium  ethoxide  in  ethanol 
has  been  widely  employed  and  is  very  efficient,  especially  for  preparation 
of  most  chalcones;  sodium  methoxide,  potassium  methoxide,  and 
lithium  ethoxide®®^  have  been  used,  effectively,  but  less  frequently 
all^nvides  have  been  employed,  principally  in  aprotic  solvents  such 
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(particularly  isopropoxide)  generally  produce  Tischenko  reactions  (ester  for¬ 
mation)  with  aldehydes, aluminum  f-butoxide  in  boiling  benzene  has 
been  found  effective  for  condensation  of  high-molecular- weight  polyenals 
with  ketones®®’’  ®®®  or  for  the  self-condensation  of  certain  ketones. ®®®  In 
a  novel  procedure  an  allylic  alcohol  is  oxidized  to  the  corresponding  alde¬ 
hyde  with  aluminum  isopropoxide  in  the  presence  of  acetone;  an  aldol 
condensation  follows  to  yield  an  a,/3-unsaturated  ketone.®^®  Sodium  phen- 
oxide,  employed  as  a  catalyst  in  only  one  instance,  was  claimed  to  be 

AKOC.HvOs 

CH2=CHCH2CH2C(CH3)=CHCH20H  +  CH3COCH3  -  > 


CH2=CHCH2CH2C(CH3)=CHCH=CHC0CH3 


very  effective  in  condensing  citral  with  acetone  (81%  yield  of  unsaturated 
ketone). ®^^’  Butoxymagnesium  bromide  and  iodide  have  been 
employed  for  aldehyde  self-condensations  but  are  not  too  effective.®^® 
Alkali  metal  alkoxyborohydrides,  with  some  exceptions,  are  ineffective 
catalysts.®^^  Sodium  metal  was  employed  in  condensations  of  aldehydes 
with  camphor  in  the  early  work  of  Haller,^!^  but  its  use  is  now  generally 
avoided  because  of  the  competing  reductions. 

Alkali  metal  salts  of  weak  acids  have  been  employed  effectively  as 


catalysts.  They  provide  the  constant  pR  needed  for  condensations 
sensitive  to  hydroxide-ion  concentration.  Potassium  and  sodium  car¬ 
bonate  are  useful  as  mild  catalysts  for  many  aldehyde-aldehyde  and  alde¬ 
hyde-ketone  condensations  for  which  a  stronger  base  is  undesirable; 
i.e.,  with  formaldehyde,  acetaldehyde,  and  a,/S-unsaturated  aldehydes! 
Sodium  phosphate  was  found  suitable  for  condensation  of  nitrobenzal- 
dehydes  with  acetophenones  to  produce  ketols.3®i  Although  potassium 
cyanide  has  been  employed  effectively  for  some  condensations  (the 
preparation  of  aldol  itself®  and  the  condensation  of  acetaldehyde  with 
methyl  isopropyl  ketone®!®),  it  is  seldom  used;  its  catalytic  effect  appears 
to  resemble  that  of  sodium  hydroxide  very  closely.®82  Potassium  cyanide 
condenses  aromatic  aldehydes  with  acetophenones  to  yield  complex 
cyano  compounds®!®  and  causes  self- condensation  of  aromatic  aldehydes  to 


37  484  (1905):  [Chem.  Zentr.,  76,  II,  752  (1905)]. 


85,207  [C.A.,  50,  10781  (1956)]. 

G.  I.  Samokhvalov,  Zh.  Obshch.  Khim.,  34,  2748 


i,  D.  Stauffacher,  E.  Zweifel. 


74 


ORGANIC  REACTIONS 


benzoins  (the  benzoin  condensation).®^’  The  bases,  sodium  amide, 
sodium  hydride,  and  calcium  hydride,  have  been  used  occasionally  and 
have  value  for  condensations  involving  hindered  aldehydes  which  do  not 
readily  undergo  self-condensation.^^®-  6i8-®22  They  are  polymeric 

solids  insoluble  in  solvents  with  which  they  do  not  react.  They  are 
useful  for  preparing  certain  enolates  in  aprotic  solvents ;  the  reaction  may 
be  followed  by  measuring  the  hydrogen  evolved.  Enolates  of  methyl 
ketones  usually  cannot  be  prepared  without  concomitant  aldol 
condensation.®^’  Certain  soaps  have  been  used  effectively  for  self-con¬ 
densation  of  aliphatic  aldehydes.®®®-®®®  Sodium  sulfite  condensed  3,5- 
dimethyl-2,6-octadienal  with  acetone  to  6,8-dimethyl-3,5,9-undecatrien- 
2-one  in  67  %  yield.®®’  Alumina  at  room  temperature  has  been  used.'*®^- 
Barium  nitride  is  reported  to  be  a  powerful  catalyst  for  effecting  self¬ 


condensation  of  ketones.®®’^  Several  other  salts  have  been  employed  at 
times  as  aldol  condensation  catalysts,  but  none  appears  to  offer  distinct 
advantages. 

Aminomagnesium  halides  and  some  Grignard  reagents  are  very  effective 
aldol  condensation  agents  in  certain  cases.  Methylamhnomagnesium 
bromide  provides  high  yields  of  ketols  by  self- condensation  of  most 
ketones.i®®- 159  Certain  hindered  ketones  (non-methyl)  for  which  this 
reagent  cannot  effect  self-condensation  are  converted  to  their  enolate 
anions  which  may  be  treated  with  a  different  ketone  or  aldehyde  to  prepare 
a  wide  ’variety  of  ketols  in  good  yield.'”’ Certain  Grignard  reagents  such 
as  isopropyl-  and  f-butyl-magnesium  bromide  have  been  employed  for  sell- 
condensation  of  hindered  ketones  to  ketols,i®’  but  in  general  these  catalysts 
appear  to  be  less  effective  than  methylanilinomagnesium  bromide. 
Diethylzinc  is  an  ineffective  catalyst.®®®  Lithium  amides  [e.g 
NLi]®®i-  629  ap0  very  strong  bases  and  appear  to  be  of  potentia  va  ue  as 

aldol  condensation  catalysts. 

Use  of  ion-exchange  resins  (basic  types  most  frequently)  as  aldol 
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condensation  catalysts  has  been  studied  often  for  self-condensation  of 
aldehydes, 630-632  ^ut  seldom  for  ketone-ketone  or  aldehyde-ketone 
condensations.337-  633  .  634  Acetone  provides  a  79%  yield  of  mesityl  oxide 
when  heated  under  reflux  with  Dowex  50H ;  good  yields  of  aldols  may 
be  obtained  from  aliphatic  aldehydes  with  ion-exchange  catalysts  when 
other  catalysts  fail.^®®  In  many  other  reactions,  however,  yields  obtained 
with  ion-exchange  catalysts  are  somewhat  inferior  to  those  obtained  with 
more  conventional  catalysts.  In  use,  resin  catalysts  are  often  deactivated 
rapidly  and  cannot  be  reused. ^6° 

Acid  catalysts  are  less  frequently  employed  for  aldol  condensations. 
Ordinarily  a,/5-unsaturated  carbonyl  products  rather  than  aldols,  are 
formed.  A  remarkable  exception  is  phosphorus  oxychloride  which  is 
reported  to  produce  aldols  from  alkanals.^®^.  103  general,  yields  are 
lower  with  acid  catalysts  and  the  products  are  more  difficult  to  purify. 
With  aldehyde-aldehyde  condensations,  aeid  catalysts  usually  lead  to 
resin  formation  or  other  side  reactions,  and,  except  for  intramolecular 
condensation  of  some  a,m-dialdehydes3^3-38i  ketoaldehydes^^^- 

(formed  in  situ  from  acetal  precursors),  have  found  little  practical  use. 
In  the  self-condensation  of  2-butanone,  and  in  condensations  of  alde¬ 
hydes  with  methyl  ketones,  acid  catalysts  permit  condensation  at  the 
methylene  carbon,  whereas  basic  catalysts  cause  condensation  at  the 
methyl  group.  Hydrogen  chloride  is  the  acid  catalyst  most  often  em¬ 
ployed,  although  hydrogen  bromide  and  hydrogen  iodide  appear  to  be 
more  effective  ;i32.  i56  ^bout  two-thirds  of  1  mole  equivalent  of  hydrogen 
halide  is  needed  to  attain  maximum  yields. ^^2  Frequently  /5-halo  ketones 
result.  They  can  be  dehydrohalogenated  to  a,/5-unsaturated  ketones 
by  treatment  with  ethanolic  sodium  hydroxide,  but  this  treatment  may 
cause  some  polymerization  of  the  product.  However,  milder  base 
treatment  (pyridine,  quinoline  or  potassium  carbonate)  in  water  or 
ethanol  is  often  sufficient  to  effect  dehydrohalogenation.  Perchloro 
a  dehydes  such  as  chloral  and  trichloropropenal  undergo  condensations 
with  ketones  to  yield  ketols  or  a,/5-unsaturated  ketones  in  excellent  yields 
with  acid  catalysts  such  as  acetic  or  sulfuric  acid.^®®-  635-639 
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Acid  catalysts  are  of  value  for  preparing  certain  hydroxy-substituted 
chalcones.®^®’  Condensation  of  2-nitrobenzaldehyde  with  tetralones 
gives  excellent  yields  of  a, jS- unsaturated  ketones  with  sulfuric  acid  catal- 
ysis.®^^“®^^  In  the  reaction  of  5-chloro-  and  4-chloro-2-nitrobenzaldehyde 
with  4,4-dimethyl- l-tetralone,  aqueous  acetic  acid  and  iron  powder 
produced  90-94%  yields  of  the  corresponding  amino  a./S-unsaturated 
ketones  by  aldol  condensation  and  reduction  of  the  nitro  group.®^^  This 
procedure  may  be  of  general  value  in  preparing  condensation  products 
containing  primary  amino  groups  since  condensations  involving  amino- 
benzaldehydes  often  give  very  poor  yields^^®  and  condensations  with 
primary  amino  ketones  may  lead  to  Schiff  bases. Nitrofuran 
carboxaldehydes  and,  to  a  lesser  extent,  nitrothiophene  carboxaldehydes 
and  ketones  undergo  resinification  with  base,  and  sulfuric  acid  in  acetic 
acid  has  been  advantageously  employed  in  aldol  condensations  involving 
these  substances.®'*®-  ®^’  Sulfuric  acid  has  occasionally  been  used  for 
cyclization  of  a,m-diketones,3®*- ®*8  as  has  p-toluenesulfonic  acid,'*®^ 
but  other  catalysts,  such  as  sodium  carbonate  and  sodium  methoxide, 
are  often  better.  Seldom  used,  and  generally  less  effective  acid  catalysts, 
are  nitric  acid,  boron  trifluoride,  phosphorus  oxychloride,  phosphorus 
pentoxide,  zinc  chloride,  ferric  chloride,  aluminum  chloride,  and  acetic 
anhydride.  Acetic  acid  is  often  used  as  a  solvent  when  acid  catalysts 

are  employed.  ,  ,  r 

Solvent.  The  choice  of  solvent  generally  depends  on  solubility  ot 

reactants  and  catalyst.  Ethanol,  aqueous  ethanol,  or  water  is  most 
commonly  employed ;  sodium  ethoxide  is  used  in  ethanol.  The  hetero- 
geneous  mixture,  aqueous  sodium  hydroxide-ether,  has  been  found  excellent 
for  condensation  reactions  of  reactive  aliphatic  aldehydes.  Strong 
bases  generally  require  aprotic  solvents methylanilinomagnesmm 
bromide  is  employed  in  ether-benzene,  and  sodium  amide  is  used  as  a 
suspension  in  ether,  benzene,  or  toluene.  Solvents  less  often  exploited, 

suchastetrahydrofuran,1.2-dimethoxyethane.dimethylformam!de,anddi- 

methyl  sulfoxide“»»  might  offer  advantages  in  some  reactions.  Hydrogen 
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chloride  is  often  used  in  the  absence  of  a  solvent  and  less  frequently  with 
methanol,  ethanol,  ethyl  acetate,  ether,  or  benzene.  Ether  or  benzene, 
rather  than  an  alcohol,  would  be  preferred  to  avoid  side  reactions  such  as 
acetal  formation.  Acetic  acid  has  been  used  as  solvent  for  sulfuric  acid  and 
hvdrogen  chloride  catalysis.  The  effect  of  solvent  on  the  kinetics  of  the 
base-catalyzed  cleavage  of  tertiary  ,5-ketols  has  been  studied.®^®' 
The  selection  of  solvent  may  be  exploited  to  determine  the  ratio  of  1- 
condensation  to  3-condensation  products  derived  from  condensation 
reactions  of  methyl  ketones. 

Temperature  and  Reaction  Time.  The  aldol  condensation  is 
reversible  and  slightly  exothermic,  and  best  yields  are  generally  obtained 
at  5-25°  (however,  low  temperatures  also  favor  aldehyde  trimer  formation ; 
see  p.  58).  Rates  are  sufficiently  rapid  at  room  temperature  that  maxi¬ 
mum  yields  are  usually  reached  within  12  to  24  hours.  For  reactions 
which  are  more  rapid  or  produce  an  unstable  product,  temperatures 
between  0  and  5°,  or  a  short  reaction  time  at  room  temperature,  may  be 
employed.  Acid-catalyzed  reactions  usually  require  a  low  temperature; 
hydrogen  chloride-catalyzed  reactions  are  often  conducted  at  0-5°. 


For  base-catalyzed  reactions,  reflux  temperatures  of  solvents  sucn  as 
ethanol,  ether,  or  benzene  may  be  used  to  reduce  the  reaction  time. 
Condensations  of  indole-3-carboxaldehydes  with  acetophenones  have  been 
accomplished  at  175—200  (in  the  absence  of  added  catalyst)  within  5 
minutes,  giving  good  yields  of  a,/5-unsaturated  ketones.®®®  If  the  reaction 
is  essentially  irreversible,  as  is  chalcone  formation,  and  the  product  is 
stable,  the  higher  temperature  does  not  result  in  appreciably  lower  yields. 
Excessively  high  temperatures  are  generally  unnecessary  and  are  avoided, 
because  side  reactions  are  more  likely  to  result.  High  temperatures 
favor  the  formation  of  a,^-unsaturated  carbonyl  compounds  rather  than 
aldols  or  ketols  and  favor  1 -condensation  over  3 -condensation  in  reactions 
of  aldehydes  with  methyl  alkyl  ketones. 

Ratio  of  Reactants.  In  mixed  condensations  the  ratio  of  reactants 
may  determine  products.  Generally,  stoichiometric  quantities  are 
employed  An  important  exception  involves  condensations  of  certain 
reactive  aliphatic  aldehydes  with  ketones  where  a  large  molar  excess  of 
ketone  IS  often  used  to  minimize  self-condensation  of  the  aldehyde  and  to 
secuce  best  yields  of  1. 1  condensation  products;  the  excess  ketonrdoes 

recovered'%elfe“d  conditions  and  is 

recovered.  Self- condensation  of  the  aldehyde  may  also  be  minimi^pH  h.r 

very  slow  addition  of  the  aldehyde  to  an  excp«,«  Jir  by 

pntaixro+  T  j  ®  Of  ketone  containinc  the 

caWyst.  In  condensations  of  alicyclic  ketones  with  aldehydes  an  eLess 

J  f  32,  296  (1962). 

.  arthel  and  J.  E.  Dubois.  Compt.  Rend..  248.  1649  (1969). 
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of  ketone  may  be  required  to  minimize  formation  of  6^5 -condensation 
products  with  other  ketones  (except  acetone)  it  is  usually  difficult  to 
obtain  other  than  1 : 1  products. 

An  excess  of  aldehyde  may  be  of  value  in  condensations  with  unreactive 
ketones  if  the  aldehyde  does  not  readily  condense  with  itself  (e.g.,  aromatic 
aldehydes).  Because  formaldehyde  does  not  readily  undergo  self-con¬ 
densation  and  is  very  reactive,  polymethylol  compounds  are  easily  pro¬ 
duced  with  most  active  methylene  compounds;  however,  an  excess  of 
formaldehyde  can  lead  to  reduction  of  carbonyl  groups. 


EXPERIMENTAL  PROCEDURES 

The  best  yields  in  aldol  condensations  are  obtained  when  all  reactants 
and  solvents  are  carefully  purified  immediately  before  use.  Although 
traces  of  peroxides  do  not  inhibit  the  aldol  condensation,  larger  amounts 
may  cause  lower  yields.^®^  Liquid  aldehydes  readily  accumulate  car¬ 
boxylic  and  peroxidic  impurities  on  storage;  the  impurities  may  be 
removed  by  careful  washing  with  dilute  aqueous  sodium  hydroxide  or 
carbonate,  followed  by  drying  and  distillation  in  a  nitrogen  atmosphere. 
Although  liquid  ketones  are  much  less  susceptible  to  oxidation  than  alde¬ 
hydes,  these  reactants,  too,  should  be  carefully  distilled  before  use. 
Melting  points  of  solids  should  be  checked  as  an  indication  of  purity  and 
samples  recrystallized  if  necessary.  Use  of  a  nitrogen  atmosphere  during 
the  reaction  is  of  value,  particularly  in  reactions  of  strongly  basic  enolates 
(prepared  in  aprotic  solvents)  since  these  intermediates  react  with  oxygen 
and  carbon  dioxide ;  the  inert  atmosphere  is  also  of  value  when  oxidizable 
reactants  or  products  are  involved  (a,jS-unsaturated  aldehydes  or  ketones, 
dialdehydes),  and  when  reaction  time  is  prolonged.  However,  there 
are  routine  condensations  (many  chalcone  preparations,  for  example) 

which  do  not  require  an  inert  atmosphere. 

In  working  up  reaction  mixtures  conventional  procedures  are  followed, 
but  special  care  should  be  taken  if  products  are  to  be  distilled.  Because 
many  aldols  and  ketols  readily  dissociate  to  reactants  when  heated,  iso¬ 
lation  of  these  substances  by  distillation  at  a  low  temperature  under 
reduced  pressure  in  a  nitrogen  atmosphere  is  recommended.  Complete 
removal  of  acidic  or  basic  substances  (including  those  in  solvents  used) 
prior  to  distillation  is  necessary  for  efficient  recovery  of  liquid  aJdo  s  or 
ketols  because  these  impurities  catalyze  dissociation  or  de  y  ™ 
Thorough  washing  of  the  product  (conveniently  in  purified  ether  solution) 
with  saturated  aqueous  sodium  bicarbonate  will  remove  most  undesirabl 
impurities.  a.fi-Unsaturated  aldehydes  and  ketones  are  readily  oxidized, 
Ti^clally  when  heated  in  air.  and  should  be  distilled  immediately  after 
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work-up,  under  reduced  pressure,  preferably  in  a  nitrogen  atmosphere. 
Aldols  dimerize  on  storage  and  should  be  redistilled  before  use.  Re¬ 
distillation  of  stored  products  may  result  in  their  decomposition  (de- 
aldolization,  dehydration,  or  polymerization)  unless  accumulated  acidic 
or  peroxidic  impurities  are  removed  by  washing  with  dilute  aqueous 
alkali. 

A  few'  special  procedures  have  been  developed  for  certain  reactions  to 
avoid  reversal  of  the  condensation  and  to  secure  higher  yields  of  product. 
One  example  is  use  of  a  column  reactor  in  which  formaldehyde  and 
sodium  hydroxide  are  added  simultaneously  to  the  vapor  of  refluxing 
ketone  in  a  tube;  a  non-volatile  acid  is  contained  in  the  liquid  ketone  to 
neutralize  the  basic  catalyst. The  use  of  barium  oxide  in  a  Soxhlet 
extractor  leads  to  diacetone  alcohol  in  good  yield  from  acetone. 

A  cation-exchange  resin  has  been  employed  for  continuous  removal  of 
sodium  hydroxide  catalyst  after  condensation  of  acetone  to  diacetone 
alcohol. 


Several  aldol  condensation  procedures  are  to  be  found  in  volumes  of 
Organic  Syntheses.  Aldehydes  condensed  w'ith  acetone  to  yield  a,/5- 
unsaturated  methyl  ketones,  RCH=CHC0CH3,  are  as  follows  (yields  in 
parentheses) :  citral  (45^9),654  benzaldehyde  (65-78),®55  4-methoxybenz- 
aldehyde  (83),®^^  ^nd  furfural  (60-66).656  Dibenzalacetone  (90-94%) 
has  been  prepared  from  benzaldehyde  and  acetone.^^?  Benzaldehyde 
has  also  been  condensed  with  acetophenone  to  form  chalcone  (85%)®^® 
and  with  pinacolone  to  form  benzalpinacolone  (88-93%).®®® 

Also  described  in  Organic  Syntheses  are  procedures  for  the  self-con¬ 
densation  of  acetone  to  diacetone  alcohol  (71%)i47  employing  a  Soxhlet 
apparatus;  the  dehydration  of  this  ketol  to  mesityl  oxide the  sulfuric 
acid- catalyzed  condensation  of  acetone  to  mesitylene  (13-17%)-®®® 
the  preparation  of  dypnone  in  77-82%  yield  from  acetophenone  ;®®o\nd 
the  preparation  of  tetraphenylcyclopentadienone  (tetracyclone)  from 
dibenzyl  ketone  and  benzil  (91-96%).204 

Three  procedures  for  intramolecular  condensation  of  diketones  are 
described  ,n  Organic  Syntheses.  4-Carbethoxy.3.5-dimethyl.2.cycIohex- 
en-l-one  has  been  prepared  by  eyelization  (sulfuric  acid-acetio  acid)  of 

”■  “■  ““  «•  »•  Spunm. .i...,  ck.sx.  soc.. 


m  ?■  S’  [C.A.,  59.  1491  (1963)1. 

«56  t'  Kenyon,  Org.  Syntheses,  Coll.  Vol  3  747  n9'5-il 

P  •  ^2/n.^ede..  Coll.  Vol  ,  1  7M94  n 

C  R  C?n  Coll.  Vol.,  1,  283  (1941). 

««  E  p’  ?ohZ  m  Syntheses,  Coll.  Vol.  2,  167  (1943) 

.60  w  w  Org.  Syntheses,  Coll.  Vol  18  nV4l7  ‘ 

W.  ^Vayne  and  H.  Adkins.  Org.  Oo«.  Fol..  s!  367* (19^^)  '- 


80 


ORGANIC  REACTIONS 


ethylidene  6is-acetoacetic  ester  (prepared  from  acetaldehyde  and  aceto- 
acetic  ester) ;  the  overall  yield  of  cyclized  product  based  on  acetaldehyde 
is  47-50%.®®^  Cyclization  of  2-(3-oxobutyl)-2-methyl-l,3-cyclohex- 
anedione  to  1 ,6-dioxo-8a-methyl- 1 ,2,3,4,6,7,8,8a-octahydronaphthalene 
occurs  in  75%  yield  with  pyrrolidine  catalyst.^®^  A^^®^-2-Octalone  has 
been  prepared  by  reaction  of  1-morpholino-l -cyclohexene  with  methyl 
vinyl  ketone  to  generate  the  diketone  enamine  in  situ,  followed  by  ring 
closure. 

Aldol  condensation  followed  by  Canizzaro  reaction  is  illustrated  by  the 
condensation  of  formaldehyde  with  acetaldehyde  (to  yield  pentaery- 
thritol,  55-57  and  with  cyclohexanone  (to  yield  2,2,6,6-tetramethylol- 
cyclohexanol,  73-85%).^’^ 

Following  are  representative  aldol  condensation  procedures  not  found 
in  Organic  Syntheses. 

Aldol  (Self-Condensation  of  Acetaldehyde).662  Acetaldehyde  (1  kg., 
22.7  moles)  contained  in  a  2-1.  flask  is  cooled  below  5°.  Over  a  20- 
minute  period  25  ml.  of  10%  aqueous  sodium  hydroxide  is  added 
dropwise  with  vigorous  stirring  while  the  temperature  of  the  reaction 
mixture  is  maintained  at  4-5°.  After  the  mixture  has  been  stirred  for  1 
hour  at  4-5°,  it  is  made  slightly  acidic  with  tartaric  acid.  The  mixture  is 
filtered  to  remove  sodium  tartrate  (addition  of  diethyl  ether  facilitates 
the  filtration).  The  filtrate  is  distilled  under  reduced  pressure  from  an 
oil  bath  by  raising  the  temperature  slowly.  Acetaldehyde  and  aldol 
slowly  distil  together  as  the  aldoxan  dissociates  (see  p.  58).  Redis- 
tillation  of  the  aldol  fraction  yields  about  500  g.  (50%)  of  aldol,  b.p. 
72°/ 12  mm.  Aldol  should  be  distilled  immediately  before  use  since  it 

dimerizes  to  paraldol  on  standing.'*®^ ■  m  nr r,  ^ 

2-Ethyl-2-hexenal  (Self-Condensation  of  Butanal).  To  750  m  . 
of  aqueous  1  M  sodium  hydroxide  at  80°  is  added,  dropwise  and  with  vigorous 
stirring  during  1.5  hours,  2520  g.  (35  moles)  of  freshly  distilled  «-butanal. 
A  large  efficient  reflux  condenser  is  required  for  rapid  addition  of  the 
aldehyde;  the  solution  temperature  rises  to  93°.  After  t  e  a  i  ion  o 
aldehyde  is  complete,  the  mixture  is  heated  under  reflux  fo^  • 

It  is  then  cooled  to  room  temperature,  the  organic  layer  ' 

without  further  treatment,  distilled  through  a  . 

to  yield  1880  g.  (86%)  of  pure  2-ethyl-2-hexenal,  b.p.  . 


wi®  1.4556.* 


Tx  1  ^  T?  V  Field  Ora  Syntheses,  Coll.  T’oL,  3,  317  (1955). 

««i  E.  C.  Horning,  M.  O.  Denekas,  and  R.  E. 

««*  L.  P.  Kyriakides,  J.  Am.  Chem.  Soc.,  36,  530  '  ,  j  Gas-liquid  chromato- 

.  The  following  ™ea,ur.»en«  were  made  on  the. 

graph  of  the  product  (10  ft.  X  \i  m.  co  u  ,  o  P  retention 
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2- Cyclohexylidenecyclohexanone  (Self-Condensation  of  Cyclo- 
hexanone).^®^' A.  2-{\-Chlorocyclohexyl)cyclohexanone}^^-'^^*  Dry 
hydrogen  chloride  is  bubbled  through  pure  cyclohexanone  (40  g.)  con¬ 
tained  in  a  flask  cooled  by  a  water  bath.  After  15  hours  the  gas  flow  is 
stopped  and  the  crystalline  2-(l-chlorocyclohexyl)cyclohexanone  (32  g., 
71%)  is  collected  by  filtration.  Wallach  reports  m.p.  41-43°.^®^ 

B.  2-Cydohexylidenecyclohexanone}^^'  i®^  To  2-(l-chlorocyclohexyl)- 
cyclohexanone  (70  g.,  0.326  mole)  in  100  ml.  of  diethyl  ether  is  added, 
dropwise  and  with  vigorous  stirring,  a  cooled  solution  of  7.5  g.  (0.326 
g.-atom)  of  sodium  in  150  g.  of  methanol  while  the  temperature  is  kept 
below  10°.  After  the  reaction  is  complete,  water  is  added  and  the  ether 
solution  separated  and  washed  until  it  is  neutral.  Evaporation  of  the 
ethereal  solution  under  reduced  pressure  leaves  a  crystalline  residue  which 
is  crystallized  from  methanol-water  (4:1)  to  furnish  51.0  g.  (88%)  of 
2-cyclohexylidenecyclohexanone,  m.p.  56-57°. 

Dehydrochlorination  with  aqueous  sodium  hydroxide  at  25°  yields 
principally  2-(l-cyclohexenyl)cyclohexanone.^®^ 

3- Methyl-4-phenyl-^rfln5-3-buten-2-one  (Condensation  of  Benz- 
aldehyde  with  2-Butanone).2®®“235  ^  mixture  of  2-butanone  (25  g., 
0.35  mole)  and  benzaldehyde  (35  g.,  0.33  mole)  is  saturated  with  dry 
hydrogen  chloride  with  cooling.  After  it  has  stood  for  2  hours,  the  brown 
reaction  mixture,  is  shaken  with  dilute  aqueous  sodium  hydroxide,  washed 
with  water,  and  extracted  with  diethyl  ether.  After  the  ether  solution 
has  been  dried  and  concentrated  under  reduced  pressure,  the  crude 
product  is  crystallized  from  petroleum  ether  (b.p.  60-80°)  to  yield  45  g. 
(85%)  of  3-methyl-4-phenyl-^mw5-3-buten-2-one,  m.p.  37-38°.  Harries 
and  Muller  report  m.p.  38°  after  distilling  the  crude  product  at  b.p. 

recrystallizing  the  distillate  from  petroleum 


2-Furfurylidenecyclopentanone  (Condensation  of  Furfural  with 
Cyclopentanone).297  A  mixture  of  freshly  distilled  furfural  (32  g 

(28-0  g.,  0.33  mole),  diethyl  ether  (150  ml  ) 
ollil  f  hyd-oxide  solution  (300  ml.)  is  stirred  with  external 

oling  to  moderate  the  exothermic  reaction.  After  about  30  minutes 

ye  low  crystalline  material  (presumably2,6-difurfurylidenecyclopentanone) 

Lritirrl?  fOT  I ‘t  amounts.  After  the  mixture  hal 

solid  on  the  f  1  °  j  u  minutes  it  is  filtered  with  suction.  The 
on  the  funnel  and  the  aqueous  layer  from  the  filtrate  are  extracted 

tetrachloride),  infrared  bandt  (liquid  mnlut'mss  TO  '““"“"‘l  "leMurement  in  carbon 
Etaier  .Model  621  grating  speluophotol'er  Tl^^.:  ’  “n 
and  carboxaldehyde  groups  ^zz 
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with  ether.  The  combined  etheral  solutions  are  washed  twice  with  water 
and  concentrated  on  the  steam  bath.  The  residue  is  distilled  under 
reduced  pressure.  After  a  fore-run  of  starting  material,  the  product  is 
collected  as  a  yellow  oil,  b.p.  154°/15  mm.,  which  readily  crystallizes 
(55  g.,  60%  yield).  Recrystallization  from  diisopropyl  ether  furnishes 
2-furfurylidencyclopentanone  melting  at  59-60°. 

2, 4-Dimethyl-3-hydroxy-l -phenyl-1 -pentanone  (Condensation 
of  2-Methylpropanal  with  Propiophenone).^”  Methylanilinomag- 
nesium  bromide  is  prepared  by  adding,  with  cooling  and  stirring,  a  solution 
of  33.8  g.  (0.315  mole)  of  freshly  distilled  N-methylaniline  in  100  ml. 
of  dry  benzene  to  an  ether  solution  of  ethylmagnesium  bromide  [prepared 
from  8.0  g.  (0.33  mole)  of  magnesium  turnings,  40  g.  (0.364  mole)  of 
ethyl  bromide,  and  80  ml.  of  diethyl  ether  under  a  nitrogen  atmosphere]. 

To  the  freshly  prepared  solution  of  methylanilinomagnesium  bromide  is 
added,  during  30  minutes,  a  solution  of  48.8  g.  (0.364  mole)  of  dry 
propiophenone  in  100  ml.  of  dry  benzene  while  the  temperature  is  kept 
at  15-20°.  The  resulting  mixture  is  allowed  to  stand  at  25°  for  2  hours 
and  a  solution  of  15.8  g.  (0.291  mole)  of  freshly  distilled  2-methylpropanal 
in  20  ml.  of  dry  benzene  is  then  added  during  15  minutes  keeping  the 
temperature  at  — 10°.  After  the  reaction  mixture  has  stood  for  2^ 
hours  at  —10°  to  0°,  300  ml.  of  aqueous  3  M  hydrochloric  acid  is  added 


and  the  organic  layer  separated,  washed  with  five  portions  of  6  ilf  hydro¬ 
chloric  acid  and  finally  with  water.  The  organic  solution  is  dried  with 
anhydrous  sodium  sulfate  and  the  solvents  are  removed  by  distillation  at 
15-30  mm.  from  a  hot- water  bath  (60-70°).  The  residue  is  distilled 
to  separate,  after  a  fore-run  of  recovered  propiophenone,  37.5  g.  (83%) 
of  2,4-dimethyl-3-hydroxy-l -phenyl- 1 -pentanone,  b.p.  101-107/0.4  mm. 

3-Ferrocenyl-l-phenyl-2-propen-l-one  (Condensation  of  Ferro¬ 
cene  Carboxaldehyde  with  Acetophenone).663  To  a  stirred  solution 
of  2.56  g.  (0.064  mole)  of  sodium  hydroxide  in  20  ml.  of  water  (cooled  to 
15°)  are  added,  successively,  solutions  of  6.0  g.  (0.05  mole)  of  acetophenone 
in  10  ml.  of  95%  ethanol  and  10.8  g.  (0.05  mole)  of  ferrocene  carboxalde¬ 
hyde  in  30  ml.  of  95  %  ethanol.  The  mixture  is  stirred  at  room  temperature 
for  3  hours  and  allowed  to  stand  overnight.  The  thick  purple  suspension 
is  filtered  and  the  collected  solid  washed  thoroughly  w.th  wato  followed 
by  a  small  portion  of  ice-cold  95%  ethanol.  After  drying,  U.& 

of  3-ferrocenyl-l-phenyl-2-propen-l-one  (purple  solid),  m.p.  123  12  , 

is  obtained.  RecrysUllization  from  95%  ethanol  gives  the  pure  unsatu- 

sts^TstcXa^o^^uUne'^Tlntramolecular  Se.^ 
Condensation  ’oi  t’,n-Cyclodecanedionc).-»  1 ,6-Cyclodecanedione  (50 

««3  c.  R.  Hauser  and  J.  K.  Lindsay,  J.  Org.  Chem.,  22,  906  (1957). 
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g.,  0.3  mble)  is  heated  under  reflux  in  500  ml.  of  aqueous  5%  sodium 
carbonate  for  1  hour.  The  product  is  then  steam-distilled  and  the 
distillate  simultaneously  extracted  with  chloroform  in  an  apparatus 
described  by  Vogel. The  chloroform  is  removed  and  the  residue 
distilled.  The  fraction  (43  g.,  96%)  boiling  at  126-1 28°/ 15  mm.  is  collected. 

CI5-9- Acetoxy-lO-hydroxy-5-methyldecalin-l  ,6-dione  [Intramo¬ 
lecular  Condensation  of  2-Acetoxy-2-(3-oxopentyl)cyclohexane- 
1,3-dione].®®®  To  a  stirred  solution  of  42.3  g.  (0.167  mole)  of  2-acetoxy- 
2-(3-oxopentyl)cyclohexane-l,3-dione®®®  in  850  ml.  of  dry  benzene  is 
added  33.3  ml.  (0.40  mole)  of  pyrrolidine,  and  then  25  ml.  (0.44  mole) 
of  glacial  acetic  acid  is  added  dropwise  (noticeable  heating  ofccurs).  The 
yellow  solution  is  stirred  at  room  temperature  for  72  hours.  The  entire 
reaction  mixture  is  poured  onto  a  column  packed  with  900  g.  of  acid- 
washed  alumina.  Elution  with  a  2:3  acetone-hexane  mixture  affords 
28.42  g.  (67%)  of  nearly  pure  ketol,  m.p.  216-218°,  after  the  crude 
fractions  have  been  washed  with  ether.  Recrystallization  from  acetone 
and  from  an  acetone-hexane  mixture  affords  the  pure  product,  m.p. 
217-217.5°. 


P-Phenylcinnamaldehyde  (Condensation  of  Benzophenone  with 
Acetaldehyde).22i  A.  Ethylidenecydohexylamine.  Acetaldehyde  (44.1  g., 
1  mole)  is  slowly  added  dropwise,  with  vigorous  stirring,  to  99.2  g.  (1 
mole)  of  cyclohexylamine,  keeping  the  temperature  at  —20°.  After  the 
mixture  has  stood  for  1  hour  at  -20°,  it  is  treated  with  5  g.  of  sodium 
sulfate.  The  organic  layer  is  separated  at  room  temperature  and  treated 
with  anhydrous  sodium  carbonate.  The  dried  product  is  rapidly  dis¬ 
tilled  under  reduced  pressure  through  a  fractionating  column.  The 
ethylidenecydohexylamine  fraction  is  redistilled  just  before  use-  bp 
47^8712  mm.  Tiollais  reports  b.p.  54°/18  mm.,  1.4647,  and  76% 
yield  by  a  similar  procedure.®®® 

B.  3,3-Diphenyl.3-hydroxypropylidenecyclolKxylamme.  A  nitrogen  at¬ 
mosphere  IS  employed  throughout  this  procedure.  Ethylidenecyclo- 
hexykmme  (3.0  g.,  0.025  mole)  in  20  ml.  of  absolute  diethyl  ether  is 
added  to  a  cold  (0«)  ether  solution  of  lithium  diisopropylai^ide  (0  025 
mol^  prepared  from  2.53  g.  (0.025  mole)  of  diisopropylaLne  in  ^rml 

667  T””  by  addition  of  0.025  mole  of  methyl- 

lithium  in  24  ml  of  ether  629  'tVic  i  •  1  r-  ^ 

at  0“  cooled  to  _7n»  u  I'  ^  minutes 

treated,  dropwise,  with  a  solution  of  4.55  g. 

mT""'  Ck,mU,ry.  3rd  ed..  p.  224,  Lo„g„.„s, 

-  0-  30,  1020  OOOO). 

Co.,  Exton,  Penmylv.nkfu's!!"’  “  «vail,blo  from  Foote  Mineral 
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(0.025  mole)  of  benzophenone  in  25  ml.  of  ether.  The  mixture  is  allowed 
to  stand  for  24  hours  at  room  temperature,  cooled  to  0°,  and  then  treated 
with  water.  From  the  ether  solution  is  isolated  7.05  g.  (92%)  of  3,3- 
diphenyl-3-hydroxypropylidenecyclohexylamine,  m.p.  127-128°. 

C.  /S- Phenylcinnamaldehyde.  3,3- Dipheny  1-3 -hydroxy propylidenecy clo- 
hexylamine  (1.54  g.,  0.005  mole)  and  oxalic  acid  (10.0  g.)  are  added  to 
water  and  the  mixture  is  steam-distilled.  From  the  distillate  is  isolated 
1.03  g.  (99%)  of  slightly  impure  /3-phenylcinnamaldehyde,  m.p.  42-44°. 
Recrystallization  from  petroleum  ether  (b.p.  40°)  furnishes  0.89  g.  (85%) 
of  pure  product,  m.p.  46-47°. 


TABULAR  SURVEY 

The  following  tables  summarize  data  in  the  literature  through  August 
1966.  The  general  arrangement  is  explained  by  the  titles  of  the  tables 
which  are  grouped:  II-V,  condensations  of  aldehydes  only,  VI  and  VII, 
condensations  of  ketones  only;  VIII-XX,  condensations  of  aldeliydes 
with  ketones.  Procedures  leading  to  no  aldol  condensation  and/or  side 
reactions  have  for  the  most  part  been  omitted.  Aldol  coridensations 
which  proceded  from,  to,  or  through  carbonyl  precursors  or  derivatives, 

with  certain  exceptions,  have  been  excluded.  ,  i  r  i 

Reactants.  Entries  in  each  table  are  arranged  by  molecular  formu  a. 
Radical  prefixes  in  names  appear  in  alphabetical  order;  in  abbreviated 
structural  formulas  they  appear  in  numerical  order.  The 
substances  having  the  same  molecular  formula  follows 
(unbranched.  B--hed).  ahcyclic  by  rj^ 

“a::mSrrhetr::;ot 

directly  to  the  heterocyclic  ring  system  or  has  a  keto  group  vi 

"td  Sensations  of  aldehydes  with  aldehydes 

and  ketones  with  ketones  (VII).  ^^  Je  entries  are  in 

S-fmoircin— 

,  . iTahlps  VII-XIX)  are  arranged  by  ketone, 

ketone  condensations  (Tables  V  )  product  indicated  in  the 

catalyst.  The  catalyst(s)  listed  f  ",  ,  p,,ticular 

yield  stated.  Where  more  than  (incomS  list): 

i:ii  VdrSe:  “r 

raSestrSet  — r 
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and  (3)  acids :  acidic  salts,  acid  anhydrides,  acid  halides,  acids.  Occasion¬ 
ally,  after  the  catalyst  leading  to  the  product  cited,  other  catalysts  are 
listed  which  yield  the  same  product  in  lower  or  unstated  yield.  When 
different  reaction  conditions  (solvent,  temperature,  reaction  time)  produce 
different  products  with  the  same  catalyst,  the  conditions  are  given  with  the 
appropriate  product. 

Product.  The  product  indicated  by  name  or  structural  formula  is 
obtained  with  the  catalyst(s)  and  reaction  conditions  cited.  Products 
designated  by  a  molecular  formula  are  of  unknown  or  unassigned  structure. 
In  the  aldehyde-ketone  tables  the  condensation  product  formula  is 
abbreviated,  R  being  employed  to  indicate  the  carboxaldehyde  substituent 
in  RCHO. 

Yield.  The  yield  is  listed  in  parentheses  after  the  product  and  refers 
to  product  formed  with  the  catalyst  and  conditions  cited,  and  in  most 
instances  is  the  highest  value  reported.  When  several  catalysts  giving 
the  same  product  are  listed,  a  range  of  yields  may  be  reported.  A  dash 
indicates  yield  not  stated  or  unavailable  from  data  in  reference  cited. 

References.  The  first  reference  cited  refers  to  the  catalyst  and  con¬ 
ditions  listed  leading  to  the  highest  yield  stated.  The  remaining  references 
are  listed  in  numerical  order  and  refer  to  other  preparations  of  the  same 
product  by  aldol  condensation,  possibly  under  quite  different  conditions, 
but  in  lower  or  unstated  yield. 


TABLE  II.  Self-Condensation  of  Aliphatic  Aldehydes 
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TABLE  III.  Mixed  Condensation  of  Aliphatic  Aldehydes 
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Note:  References  668-2359  are  on  pp.  403-438. 


TABLE  V.  Condensation  of  Heterocyclic  Aldehydes  with  Aldehydes  {Continued) 
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TABLE  V.  Condensation  of  Heterocyclic  Aldehydes  with  Aldehydes  {Continued) 

Catalyst  Product(8)  (Yield,  %) 
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TABLE  VI.  Self-Condensation  of  Ketones 
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TABLE  VI.  Self-Condensation  of  Ketones  [Continued) 
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t  The  structure  of  this  product  was  not  established. 
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*  The  optical  activity  was  preserved  in  the  product. 


TABLE  VII.  Mixed  Condensation  of  Ketones  {Continued) 


162 


ORGANIC  REACTIONS 


THE  ALDOL  CONDENSATION 


163 


Note:  References  668-2359  are  on  pp.  403-438. 
t  This  compound  was  isolated  as  its  copper  enolate. 
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TABLE  VIIT.  Condensation  of  Aliphatic  Aldehydes  with  Acetone  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %)  _ 
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TABLE  X.  Condensation  of  Aldehydes  with  2-Butanone  (Contimied) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2369  are  on  pp,  403-438. 

This  compound  was  isolated  as  the  sodium  or  potassium  salt. 


TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catcdyst  Product(8)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
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TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) 
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CjoHj^O,,  crocetin  dialdehyde  KOH  R(CH=CHCOC,H^-t),  (75)  607 

Note:  References  668-2359  are  on  pp.  403-438. 
f  The  structure  of  this  compound  was  not  established. 


TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  (Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst _  Product(8)  (Yield,  %)  _ 
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Note:  References  668-2359  are  on  pp.  403-438. 
t  The  structure  of  this  compound  was  not  established. 


TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
f  The  structure  of  this  compound  was  not  established. 


TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
f  The  structure  of  this  compound  was  not  established. 
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References  668-2369  are  on  pp.  403-438. 


TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  (Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
f  The  structure  of  this  compound  was  not  established. 
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TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  (Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 
t  The  structure  of  this  compound  was  not  established. 


TABLE  XI.  Condensation  of  Aedehydes  with  Axiphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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TABLE  XI.  Condensation  of  Aldehydes  with  Aliphatic  Methyl  Ketones 
Other  than  Acetone  and  2-Butanone  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
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Note:  References  668-2359  are  on  pp.  403-438. 
*  This  product  was  isolated  as  the  diallyl  ether. 


234 


ORGANIC  REACTIONS 


s 

s 

o 

o 


M 


O 

H 

m 

«S 

w  p5 

t3 
>> 


!zi 

O 

o 


5  03 


O  _2 

*<  .s 

»  Ph 

^  § 

cn  bf, 
M  oC 

Q  ® 
K 

w  .2 

S 

^1 

fe  o 

o  ^ 

Oh 

(D 

o  ^ 

H 

S-S 

IS 

Q 

55 

O 

O 


X 

w 

CQ 

<< 

H 


QQ 

<l> 

Ph 


CO 


'2 


u 

3 

-C 

o 

(h 

Plh 


hh> 

n 

'oS 

hh> 

CS 

o 


O 

W 

o 

Pi 

® 

-d 

>> 

® 


"O 

c 

cS 

® 

c 

o 

->-> 

® 


581 

,  274,  164 

00 

tes 

,  523. 

63,  1814, 
32 

00 

,  223 

Oi 

1767 

1767 

CO 

00  « 

00  CO  CO 

C<1 

o 

^  •» 

o 

<c  o 

^  (M 

o 

00 

00 

0> 

o  o 

00  ^ 

ic 

■Hj*  00 

IC 

00 

CO 

CO 

CO 

CO  CO 

lO  ^ 

-H  >0 

(20)  1 

»c 

<N 

w  >o 

00  CV) 


«a  ^ 

«>i  ea 

OO  “> 
OO  W 

d* 

rt  «  ^ 

W  ffl  o 

KW  g 

OO  o 
SW  o 
OO  11 

aw  a 

OO  o 

aa  a 


go 

ax 


•o 

c 

C3 


n 

00  00 


aa 

ea  C9 

OO 

OO 

OO 

«  n 

aa 

OO 

aa 

OO 

aa 

OO 

aa 

OO 

aa 


08 

® 

®  a 

oO 

xa 


o 

Tjt 


a 

c< 

o 

O 

O 

«0 

a 

o 

o 

11 

a 

o 

a 


o 

a 

a 

o 


o 

00 


O 

O 

X 


00 

OO 


a 

o 

as 

X 

a 

o 


a 

o 


a 

o 


o 


00 


a 

o 

a 


•d 

c 

A 


(CH30CH,)j,CO  and  OjNCH(CHO)j  NaOH  2,6-(CH30)a-4-0,NC,Hj0H  (62) 


THE  ALDOL  CONDENSATION 


Cl 

Cl 


o®„o 

OOw 
^-8 1 

gss 

OMW 
^  »>  « 
WOO 

cJ  c  s 


W 

O 

W 


O 

w 

o 

t>» 

w 

M 

o 

•o 

e 


o 

T*l 


o 

O 

O 

<* 

X 

o 

o 

II 

W 

o 

W 


o 

o 

eS 


o 

r- 


eo 


w 

M 

o 

o 

•9 

tu 

o 


o 

OJ 


Cl 

CO 

CO 

Cl 


"Cl 


Cl 

Cl 

Cl 


M 

o 

a4 

M 

«o  ■ 

<w  r-  «  ^ 

S'"  ® 
s  W  e  C. 
•*9^0  •* 
w  H,rW  W  e 

o  2.^0  X 

m’U  O -"O 
WWoW.o 
'^OHO- 
hH  W  W  5j  W 

o^^.oo 

WwwWo 

o  s  s  o  o 

X  XX 


00  •. 

Cl 

CD 

CO 

Cl 

»D 

^  Cl 

Cl 

Cl 

CD 

iD 

Cl 

Cl 

lO 

(N 


X 

o 


*w 

cO 

O  flS 

52;  ;2; 


es 

•o 

e 

»<• 

g 

• 

c 

es 

o 

X 

X 

O 

X 

o" 

o 

o 

M 

o 

to 

o 

o 

o 

o 

r<» 

X 

o 

M 

W 

09 

•a 

X 

M 

>a 

X 

09 

o 

w 

o 

O 

g 

O 

o 

o 

X 

o 

®.W 

W4 

oK 

« 

eo 


CO 

t~ 


O 

O 

c8 

52; 


o  o 
W  X 

O  Q 


;  \  /; 


'O  ^ 

-5 

'~'(N 

ill 

W 

r?W  Si 

O  7 
OO^'- 
OOW 
'^O  r? 

W  "So 
o"Wo 


w's-w 
o  o  « 
X  II  ^ 
ogw 
X  Slo 

oa  w 
wog 
o”eo 

si  X 


X  S 
o  ^ 
X  X 


o 

w 

o 


X 

•( 

o 

o 


o 

X 

o 


W 

M 

O 

X 
o 

c»  » 

X  W 

M  9 

o 
si 


X 

o 


o 

si 


00  . 

^ 

CO 


u 

X 

00 

« 

W  . 
o  • 

X 

lA 

:  X 

<D 

o 


CO 


r.  t-  r.  r» 

S  W 

09  M  (A  M 

”«o  o  o  o 
^oooo 
Ooooo 

^  N  ••  •• 

„*J?  09  »  09  09 

«a  a  a  a 

goooo 

^oooo 
O  M  M  W  tr! 

I-H  KH  pJ-(  4h  hH 

aoooo 
®wtnK  w 
aoooo 
OP5WW  w 


00 


o 

o 

o 

M 

X 

X 

o 

X 


o 

o 

ee 

12; 


•o 

e 

et 


•o 

c 

es 

O 

O 


o 

X 


OO  W  ? 
xxqo^  ao 

W  sfogw  W  £W 

008^00 


CD 

00 


w 

N 

o 

«4 

09 

W 

o 

o 

o 

o 

09 

X 

o 

B 

o 

X 


o 

O 

oT 

12; 


rs 

s® 

-S 

w'^ 

OW^ 

Wq- 
2.  " 
oW 

OO 

o  ^ 

lO^ 

Xci 

M 

o 


235 


Note;  References  668-2369  are  on  pp.  403-438. 
t  The  structure  of  this  compound  was  not  established. 


TABLE  XII.  Condensation  of  Aldehydes  with  Acyclic  Non-Methyl  Ketones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) 
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TABLE  XIII.  Condensation  of  Aldehydes  with  Cyclopentanones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 

t  This  is  a  complete  structural  formula. 

X  This  is  the  structure  proposed  for  the  product. 
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Note:  References  668-2359  are  on  pp.  403-438. 
*  This  is  a  complete  structural  formula. 
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Note:  References  668-2369  are  on  pp.  403-438. 
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Note:  References  668-2359  are  on  pp.  403-438. 
•  This  is  a  complete  structural  formula. 
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Note:  References  668-2369  are  on  pp.  403-438. 

•  This  is  a  complete  structural  formula, 
t  This  structure  was  suggested  but  not  established. 

J  This  product  might  contain  an  a,/?-unsaturated  endocyclic  double  bond.*®* 
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TABLE  XV.  Condensation  of  Aldehydes  with  Alicyclic  Ketones 
Other  than  Cyclopentanones  and  Cyclohexanones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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t  This  product  might  contain  an  a,^-unsaturated  endocyclic  double  bond.*®< 
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Note:  References  668-2359  are  on  pp.  403-438. 

+  product  might  contain  an  a,/?-unsaturated  endocyclic  double  bond  *<>< 
J  Ihis  structure  has  been  suggested  but  not  established. 
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Note:  References  668-2369 
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NoU:  References  668-2369  are  on  pp.  403-438. 

t  This  product  might  contain  an  a.^-unsaturated  endocyclic  double  bond.*®* 
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TABLE  XVI.  Condensation  of  Aldehydes  with  Acetophenone  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %) _ 
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A^orc;  References  66^-2359  are  on  pp.  403-438. 
This  is  a  complete  structural  formula. 
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TABLE  XVII.  Condensation  of  Aldehydes  with  Substituted  Acetophenones,  CHgCOAr 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 
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Note:  References  668-2359  are  on  pp.  403-438. 
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TABLE  XVII.  Condensation  of  Aldehydes  with  Substituted  Acetophenones,  CHjCOAr  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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TABLE  XVII.  Condensation  of  Aldehydes  with  Substituted  Acetophenones,  CHgCOAr  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 
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Note;  References  668-2359  are  on  pp.  403-438. 

*  The  structure  of  the  product  was  not  established. 


TABLE  XVII.  Condensation  of  Aldehydes  with  Substituted  Acetophenones,  CHgCOAr  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 


TABLE  XVII.  Condensation  or  Aldehydes  with  Substituted  Acetophenones,  CHjCOAr  (Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note;  References  668-2359  are  on  pp.  403-438. 


TABLE  XVII.  Condensation  of  Aldehydes  with  Substituted  Acetophenones,  CHjCOAr  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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TABLE  XVIII.  Condensation  of  Aldehydes  with  Cabbocyclic  Aromatic  Ketones 

Other  than  Acetophenones  {Continixed) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 
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References  668-2369  are  on  pp.  403-438. 


TABLE  XVIII.  Condensation  of  Aldehydes  with  Cabbocyclic  Aromatic  Ketones 

Other  than  Acetophenones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %)  _ 
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Note:  References  663-2359  are  on  pp.  403—438. 


TABLE  XVIII.  Condensation  of  Aldehydes  with  Carbocyclic  Aromatic  Ketones 

Other  than  Acetophenones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %)  _ 
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Note:  References  668—2359  are  on  pp,  403—438. 


TABLE  XVIII.  Condensation  of  Aldehydes  with  Cabbocyclic  Aromatic  Ketones 

Other  than  Acetophenones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %)  Refs. 
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TABLE  XVIII.  Condensation  of  Aldehydes  with  Cabbocyclic  Abomatic  Ketones 

Otheb  than  Acetophenones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) _ 
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*  This  is  a  complete  structural  formula. 


362 


ORGANIC  REACTIONS 


OJ 


00 

e*oooeci>»noovoio 

uo 

CO 

<N 

lO 

CO 

O  '-H 

C<l 

O50t>-Ht^000 

iO 

o  o 

o 

t-'Ot’0050'-<-H 

a 

CO 

a> 

CO 

^  rM  F— «  (>5  »— t  05  C5 

CO 

»o 

00 


s 

w 

o 

w 

Q 

11 

w 

o 

o 

W 

o 


P5 


i> 

t' 


« 

WK 

«o  *o 

oo 

c*  c* 

OO 

CO  eo 

KX 

oo 

•V  ^ 

(N  ec 


XX 


;zi 

<0 

X 

a» 

o 

(N 


05 

1:0 


X 

o 


I 

-S'o 

05  Q 

W  M 
O 

Wo 

tiJoW  iw 

ow”^  ^ 

o  ^-W  o  W^tI^  o  o 

rj<  (N  •i-'  O  <N  <M  (N 


fq 

rw 

«o 


UO 

^50  ■—' 

eo  rr 
oo  « 

sWo 

to  r. 

w  W  o 

C5  • 

05  o  O  ■'? 
O 


p?  p?  P5  P3  P5  PS  P?  P?  P5 

f4  f4  pC  X  X  X  p4 


00 

t- 


yj 


O 

o 

K 

o 


eo 

00 


X 

to 

o 

H 

P? 

d 


X 

o 

<s 

12; 


¥% 


O 

09 


12; 


X 

o 

09 


12; 


O 

q. 

o9 

12; 


X 

o 

o9 


12; 


o 

X 


THE  ALDOL  CONDENSATION 


363 


<0<00^0<0^0<0<0 

COCCWCOCOCOCOCO 


O 


10 

0 

kO 

•.10 

10 

10 

CO  04 

C<l 

0  ^ 

i-H  ^ 

oT 

•> 

eo  -^05 

f 

Oi 

04  CO  os  ^ 

a> 

0  ^ 

(N  CO  ^ 

a> 


O  -- 

o  <o 
<o 

<N 


o : 


■t^  •  nW  <» 

_>th  «* 

■  .S  o-s: 

•ffi  a^o  M 

,  o  «”*«, 

®  <oU  M  "H-i  r:) 

Wo  o  O  oH, 

Si  '^=,55  ffi  ^  ^ 

O  O  O  O  if-T^-^^'O 
T**  -.ji  ■<}<  ci  (N  ■<*' 


,ww 


P5p;p5o5tfa;o5o5 

o'  o*  o'  o'  o'  o'  o'  o' 


o 


a? 

<*> 

w 

o 

(N 


K 


(M 

2- 

o 

«<» 

w 

o 

ci 

II 

a 

X 


ww» 

00 

^  ^  u» 
^  C4M 

ooW, 

eo  O 


wscw' 


M 

OS 


w 

o 

tii 

o 

CO 

p> 

w 

o 


tc 


o 

o 


99 

03 


12; 


00 

oW  W 

M  *  « 

woo 

000 

•^j<  Tji 


o 

2  w 

0  W  o  ^ 
X  -I 

■X  o^^O . 

’g  jjTg  I 

Wgel! 

(N  cq  • 


3-H0C,H4CH0 _ NaOCHj  H,  R  =  3-H0C,H^  (— ) 

Note;  References  663-2359  are  on  pp.  403-438. 

*  This  is  a  complete  structural  formula. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) _ 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) _ _ 
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Note:  References  666-2369  are  on  pp.  403—438. 
*  This  is  a  complete  structural  formula. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) _ 
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Note:  References  668-2359  are  on  pp.  403-438. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 

(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Productje)  (Yield,  %) _ 
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Note;  References  668-2359  are  on  pp.  403-438. 

t  This  structure  was  suggested  but  not  established. 

J  This  was  obtained  with  a  1 ;  1  molar  ratio  of  reactants. 

§  This  was  obtained  with  a  2 ;  1  molar  ratio  of  aldehyde  to  ketone. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  (Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) _ _ 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) _ 
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iV^o<e;  References  668-2359  are  on  pp.  403-438. 
*  This  is  a  complete  structural  formula. 
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Note:  References  668-2359  are  on  pp.  403-^38. 

*  This  is  a  complete  structural  formula. 

^  obtained  with  a  1 : 1  molar  ratio  of  retictants. 

§  This  was  obtained  with  a  2;  1  molar  ratio  of  aldehyde  to  ketone. 
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Note:  References  668-2369  are  on  pp.  403—438. 

•  This  is  a  complete  structural  formula. 

II  The  product  was  initially  isolated  as  a  triacetate  and  wsus  susbequently  deeicetylated. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Hetebocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %)  _ 
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References  663-2369  are  on  pp.  403-438. 


378 


ORGANIC  REACTIONS 


8  - 


1,  2282 

3.  2284 
1 

1 

6 

1,  2284 
5 

1 

1 

o  v> 

<6f 

00 

00 

ooooaoncaoooooco 

<3) 

<3>  Oi  0> 

00 

C'J 

<N 

S^O^iNNiM(NC^CO 

n 

«  ©<  SO  es  M 

ei 

o^c<i(N©fle<e<»e^e^ 

«*> 

er>  (N  «  N  e<s 

0<4 

o8 


.2 


iQ 

00 


o 

m 

o 

I 

tl 

05 

CQ 


w 

o 

ul 


o 

o 


«5 

Oi 


o  eo , 
aj 


'o 

00 


ts 


g  w  a  a  0.0*  'I  ^ 

„  o  o  o  W  O  ® 
a  52;  o  o 

o  W.ooWTSwo 


o 

«t 

a 

Q 

w 

o 

eq  U  ei  <N  w  0^ 

il  II  II  II  II  II  II  II  II 

a  a  pho:  c^o;o; 

02  02  02  02  CQ  CQ  CQ  OQ  oT 


O 


«• 

o 

o 

M 

a 

Q 

* 

6 

a 


o  w 

Aa  «a^a^ 
ja  a  a  o 

a 

w  <N  e<5  a<r 


aaaaa 

HHHHH 

a  a 

M  « 

O  O 

o  o 


a 


a 

a  ^j^a  ^ 

OOOQ 

aaaa 


o 

« 


a 

o 

<s 

a 


a '  o 

onoa  -g 

ggosTgg"*  S 

«.°4^aSg 

oWaaO.o'IIZ. 

WooS*aoS's 

".§A§aM"*g 

a  o  o  a  ^  Q  w  w- 

Cro^eo«eo<NO'^ 


o  oo 
woaa 

ow,2’W.*. 

a  o  o 

ao-S9.a 
o*a  a  a  s. 

a  -i-i 

■ti<  <*5  w  «*J  e« 


THE  ALDOL  CONDENSATION 


379 


a 

00 

d 

I 

•.00 

CO 

o 


o 

CO 

a 

a 

CO 

©4 

-O) 

O  ^  I-H  C<l  O  M 

o»©©e»5©co©eoe<> 

MC^MOC^OC^*© 

a 

c<»e.iNe^c.|fi.ic<ic^ 

o 


o» 

© 


(A 

S' S' 

a 

-  99 

W.  « 

oW 

w  ^ 

tI.© 

I  99 

,  _ _ o  W 

^  r'\  9>  99  99  99r^ 

W^_^4oo90.i 

cocococJieO'^coco 


lO 

^  oTio  S 

^  9900  00 

I  «W. - 

'  ^Sh  o  •  w  < 

w  w 

WwO  •  •  « 

o  o 

Q-O  53  O  o  o 

'!r  ^  r'.  99  99  91 


©UP©©©©© 


o 

W 


W 

o 

cS 


o 


W 


>nce8  668-2359  are  on  pp.  403-438. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668-2359  are  on  pp.  403-438. 

I)  The  product  was  initially  isolated  as  a  triacetate  and  was  subsequently  deacetylated. 
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Note:  References  668-2359  are  on  pp.  403-438. 
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Note:  References  668-2359  are  on  pp.  403-438. 
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Note:  References  668-2369  are  on  pp.  403-438. 

^  This  product  was  converted  quantitatively  to  the  benzal  derivative  by  heating  at  180°. 


TABLE  XIX,  Condensation  of  Addehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) _ 
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Note:  References  668-2369  are  on  pp.  403-438. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(s)  (Yield,  %) 
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Note:  References  668-2359  are  on  pp.  403-438. 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(3)  (Yield.  %) _ _ _ 
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Note:  References  668-2359  are  on  pp.  403-438 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  Ketones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 

Ketone  and  Aldehyde,  RCHO  Catalyst  Product(8)  (Yield,  %)  _ 
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:  References  668-2369  are  on  pp.  403-438 


TABLE  XIX.  Condensation  of  Aldehydes  with  Heterocyclic  ICetones  {Continued) 
(R  in  the  product  is  the  group  R  in  the  aldehyde  RCHO.) 
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Note:  References  668—2359  are  on  pp.  403—438. 
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TABLE  XX.  Intramoleculab  Condensation  of  Ketoaxdehydes  {Continued) 
Ketoaldehyde  Catalyst  Product(s)  (Yield,  %) _ 
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Note:  References  668-2359  are  on  pp.  403-438. 

J  The  ketosldehyde  was  formed  in  situ  from  the  diethyl  acetal. 
§  The  ketoaldehyde  was  formed  in  situ  from  the  ketal. 


TABLE  XX.  INTRAMOLECUI.AR  CONDENSATION  OF  Ketoaldehydes  {Continued) 
Catalyst  Product(8)  (Yield,  %) 
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CH,C02k^^/i=0  CHzCHO 

Note:  References  668-2359  are  on  pp.  403—438. 
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